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Figure 4.8.10. Experimental clod shrinkage curve of a clayey Bt horizon. Top: 
standardized experimental data and fitted model (a); and bottom: cumulated 
calculated porosities (b). 
 
Figure 4.9.1. Conceptual model on the process of aggregate stabilization in 
Pampas silty loams. 
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Figure 5.1. Schematic diagram showing differences in soil volume changes from 
vertisols and non vertisols from the flooding Pampa (swelling accentuation) and 
the rolling Pampa (moderate to extensive swelling).   
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SUMMARY 
 
Soils of the Argentine Pampas have been developed over same parent material 
(loess), but evolved under different  topography and land use.  This led to different soil 
structural behaviour. In the flooding Pampa of Argentina soils (Solonetzes) are flooded 
each winter-spring and dried each summer, and are grazed by livestock all year round. 
Little is known about cattle trampling effects under these environmental conditions. In 
the nearby rolling Pampa, there are silty loams affected by physical deterioration and 
water erosion losses after long term conventional tillage (CT). After continuous zero 
tillage (ZT) these soils often develop shallow compaction. Little is known about abiotic 
and biotic mechanisms of structural recovery. The general objective of this thesis was 
to analyze comparatively natural and made-man factors affecting soil structural 
behaviour in soils with similar parent material (loess) and  vegetation (grassland), but 
later affected by different relief and soil use factors.  
In the flooding Pampa results showed the occurrence of significant soil volume 
changes by swelling and shrinking. Soils swell during flooding because of a process of 
air entrapment. Livestock trampling causes the mechanical destruction of surface 
macropores in summer when soil dries. The regeneration of damaged pores takes place 
during flooding, when soils swell at maximum. Droughts -and not floods- cause negative 
environmental effects in this area. 
In the rolling Pampa similar soil macropore volumes were determined in pasture, 
CT and ZT situations, showing none effect from soil management. Topsoil hardening was 
often found after short term ZT. Results from a greenhouse experiment showed that 
aggregate stabilization requires a previous fragmentation by short wetting-drying 
cycles. Clod shrinkage curves and soil cracking studies showed that silty loams do not 
have the expected poor response to W/D cycles. However, their air filled porosity 
increases little during drying.  
Results showed topsoil aggregation to be mainly abiotic in the flooding Pampa, 
and abiotic and biotic in the rolling Pampa, showing different structural behaviour in 
soils evolved from same parent material but different relief and land use.  
 
 
Keywords:  
 
• soil structure  
• soil macroporosity 
• structural stability 
• soil volume changes 
• aggregation mechanisms 
• wetting and drying cycles 
• livestock trampling 
• zero tillage 
• flooded soils 
• silty loams 
• Argentine Pampas 
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RESUME 
 
Les sols de la Pampa argentine, sur lœss, ont évolué différemment suivant la 
topographie et les pratiques agricoles, d'où un comportement de la structure du sol 
différent. Dans la Pampa inondable, les solonetz, inondés chaque hiver-printemps et 
desséchés chaque été, sont pâturés par le bétail tout au long de l'année. Les effets du 
piétinement sont peu connus dans ces conditions environnementales. Dans la Pampa 
ondulée voisine, sous labourage conventionnel à long terme (CT), les sols limoneux 
sont affectés par des phénomènes d’érosion liés à des dégradations physiques du sol 
et au ruissellement d’eau de surface. Après le zéro labourage (ZT), ces sols 
développent souvent un tassement superficiel. Peu d’informations concernent le 
rétablissement de la structure par les mécanismes abiotiques (cycle W/D) et biotiques 
(végétation). L'objectif de cette thèse est de faire une analyse comparative des 
facteurs naturels et anthropiques affectant le comportement structural du sol pris par 
paire     
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1. BIBLIOGRAPHICAL UPDATE 
 
 
1.1. Genesis of Pampas soils 
 
1.1.1. Geology and geomorphology of the Pampas region 
 
Geology 
 
The Pampas region is a broad plain which surface is shaped by non 
consolidated sediments deposited during the Quaternary Period. They were 
mostly transported by the wind, and then redistributed by hydric actions.   In 
several sectors near the coast of the de la Plata river and the Atlantic Ocean, the 
soils evolved over marine sediments.    
The aeolian sediments were deposited over a crystalline basement, which 
is composed by igneous and metamorphic stones from the precambric  age. This 
basement is fractured in blocks by some systems of direct fails. These tectonic 
fails give way to great depressions, which are separated by structural elevations. 
These elevations only crop out in some “sierra” systems, like those of Ventania 
and Tandilia, while the depressions are covered by a column of variable 
thickness.   
In the depressions, the thickness of column may overpass 6.000 m (e.g. 
Salado river basin) and includes sediments deposited during from the Cretacic to 
the Holocene. Over the elevations, in change, sediment cover only reaches until 
30 m that belongs exclusively to the Quaternary Period (see Figure 1.1.1).   
The stratigraphical columns described in different places of the Pampas 
may be represented in the schematic profile, composed by different sedimentary 
units as shown by Table 1.1.1. 
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 There is not a unique idea concerning the age and glacial 
episodes of the Quaternary. If the opinion of different authors is conciliated, the 
oldest formation is the so called Puelches Formation. This is composed by clear 
coloured sands that appear in the Paraná river ravines.   The Puelches Formation 
is the main aquifer of the northeast of Buenos Aires province, where appear at 50 
m depth. 
The unity that Ameghino (1889) called Ensenadense is over the Puelches 
sands, and is composed by dark greenish sandy silts, with clayey intercalations. 
It was observed in the de la Plata river ravines. In its upper portion this formation 
has a cemented crust, composed by silts cemented by calcium carbonate. This is 
commonly known as “tosca”, and can be easily recognized in the ravines of rivers 
and streams crossing the region. The Ensenadense Formation  is the basis of 
several soils of the region, which were developed on younger materials that were 
deposited over the Ensenadense.     
The sedimentary column is continued by the Bonaerense, which is 
composed by silty sediments, with smaller proportions of  sand and clay. It 
contains volcanic – piroclastic materials, light brown coloured, and reddish 
tonality. This silty sediment, of aeolic nature, is commonly known as “Pampean 
Loess”, because of its similitude with typical loess described elsewhere. This is –
by excellence- the parent material of most pampas soils. Pampean loess is 
characterized by its low density, and its rigid skeleton determined by volcanic 
ashes particles with irregular edges. 
In the piedmonts of Tandilia and Ventania, as well as in the northeast of 
the province and in the sector comprised by these sierra systems and the ocean 
coast (Figure 1.1.1); the pampean loess was weathered at the same time of its 
depositation by wind. In these places, it did not suffer fluvial and aeolic influences 
of great magnitude. In the east-center region, where the relief in plane-concave 
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(flooding Pampa), the pampean loess was subjected to overflows actions from 
the sierras region. 
 The last deposit of the Quaternary  (Holocene) starts with the 
marine ingression so called as Querandinense. This ingression penetrated in the 
Samborombón bay until about 50 km of the present coast, and left sandy - clayey 
sediments and marine shells. Tricart (1973) considers the “Lujanense” and the 
“Querandinense” as simultaneous episodes.  
The Platense ingression occurred later than the Querandinense. In the 
continent, it appears in the borders of rivers and streams and consists in layer of 
clayey sediments containing calcium carbonate. 
The most recent sediments were deposited over those above mentioned, 
and they give way to the present shape of the Pampas plain. These sediments 
were transported by the wind, and their mineralogy is similar to that of 
Bonaerense formation. They are fine sands in the west and northwest of the 
province, and clay silty in the east – centre of the province. These sediments 
were known with different denominations, such as “Invading Dune” (see Figure 
1.3.2). 
Amongst those above mentioned unities of the Quaternary, the most 
related to the soils are the Bonaerense and Invading Dune, since they were the 
parent material of most Pampas soils.  
In almost all cases, soil profiles were developed over only one of the two 
materials. They are: a) Hapludolls (US Soil Taxonomy) or Haplic Phaeozems 
(FAO Soil Classification) in the west (see Figure 1.3.5), which evolved over the 
Invading Dunes; and b) and Argiudolls (US Soil Taxonomy) or Luvic Phaeozems 
(FAO Soil Classification)  in the east(see Figure 1.3.3), which evolved  over the 
Bonaerense formation. However, Thaptosols (thapto Hapludolls) are also found 
in different sectors of the Inland Pampa.  Sometimes, it is not easy to distinguish 
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between these two different materials, because of its granulometric and 
mineralogical similitude. They can be easily distinguished when there are 
lithologic discontinuities in the morphology of profile. 
 
Geomorphology 
 
Except for the Sierras Systems, the present landscape of the Pampas 
region was shaped over relatively recent aeolian sediments, and to a lesser 
extent, marine and fluvial sediments. Taking into account the analysis and 
evolution of parent materials of soils, the present topographic configuration, the 
drainage network, the Buenos Aires province was subdivided in seven 
Geomorphologial Unities:  
• Sierras 
• Continental Plains 
• Marine Plains 
• Fluvial Plains 
• Delta 
• Lacunar Depressions. 
 
Within some of these geomorphological unities, some subunities can be 
distinguished, as shown by Figure 1.1.2. For instance, in the “Continental Plains” 
unit there is a subunit with rolling landscape over loess of great thickness. In 
others the landscape is plainer, and the thin loess layer rests over “tosca”.  
 In each subunit there are minor subdivisions, which are determined to the 
prevalence of some soil types. They are called Edaphic Domains.  Some 
geomorphological subunits are just coincident with one particular Edaphic 
 8
Domain, while others (generally larger), have more than one Edaphic Domain  
(Figure 1.1.2). 
 The “Continental Plains” Unit is the largest within the Buenos Aires 
province (Figure 1.1.2). In this unit there are variations in the composition and 
granulometry of aeolian materials as well as the shapes of relief. These two 
parameters were taken into account to make subdivisions within the great plain. 
Both the rolling Pampas and the flooding Pampas regions belong to the 
“Continental Plains” Unit. Basically the soils of both regions were developed over 
similar parent material (loess), but differed markedly in other soil formation 
factors. Firstly, the relief is undulated in the rolling Pampa and almost plane in the 
flooding Pampa. This causes different incidence of water runoff, which is 
important in the rolling Pampa and negligible in the flooding Pampa. The rolling 
Pampa  has an organized network of streams and rivers that conduit water 
excesses  to the ocean. In this region climaxic soils are largely prevalent, while 
palnosols and solonetzes are only restricted to minor lowland areas. In contrast, 
lowland and halo -hydromorphic soils are dominant in the flooding Pampa. The 
area has an only important river, and water excesses are stored in permanent 
and temporary lagoons. Vertical water movements (evapotranspiration, 
percolation), etc. prevail over water runoff. This different conditions lead to 
different soil classes, and hence, to different land-use. The rolling Pampa is 
mainly devoted to crop production under rainfed conditions, while the flooding 
Pampa is mainly devoted to cattle breeding on natural grasslands.    
 
1.1.2. Climate.  
 
 The Pampas region has temperate climate, and unlike the regions located 
in similar latitudes of the Northern Hemisphere, the climatic conditions are more 
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favourable, due to the effect of the ocean. The summer is often more fresh, and 
the winter less rigorous, which determines narrower daily and annual variations of 
soil temperature.  
 There are no transversal barriers to the atmospheric circulation, so that 
the territory is influenced by air masses from the south and the north all year 
round. This causes rough seasonal climatic changes, and unexpected frosts that 
damage agricultural crops.   
 Due to the influence of the ocean, the difference of temperature between 
the warmest (January) and coldest (July)  months is 12 – 13 ºC in the east, and 
over 16 º C in the centre and west of the region. Mean temperature decreases 
from the north to the south. In January mean temperature is 24 ºC in the 
northeast and 20 º C in the southeast. In July mean temperatures are 10 º C and 
7 º C, in the same sectors, respectively. The mean annual temperature fluctuates 
between 18 ºC in the north and 14 º C in the south.  
 Any sector of the Pampean regions is free of frost occurrence. At the soil 
level the frost can occur, despite air temperatures are above 3 º C.  The mean 
date of the first frost in the northeast is in the first days of June, although it can 
anticipate in the last days of April. The last frosts take place at the end of August 
in the northeast and at the beginning of October in the center – west. Therefore, 
the period frost-free period may be higher than 260 days in the east and 
northeast, and 200 days in the southeast.  
 The rainiest season is in general terms summer, with a maximum in 
March. In winter, rainfall is usually lower. In the south of the region the 
precipitation regime tends to be isohygro.  Mean annual rainfall is greater in the 
northeast (> 900 mm per year), while in the southwest mean annual rainfall is 
only about 400 mm. Rainfall intensity is often great during summer, thus causing 
important runoff losses.  
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 Potential annual evaoptranspiration (Thornwaite) varies from 850 mm in 
the northeast and 750 mm in the south.  
 The resulting water balance is + 100 mm in the east, from may to 
September. This excess decreases in magnitude and in duration from east to 
west and south. In the southwest the water balance indicates water deficit  ( – 
400 mm).  
 The water balance indicates that soil water replenishment occurs during 
winter. Despite summer is rainier that winter, it also has higher evapotranspiration 
atmospheric demand.  According to a classification by Burgos and Vidal (1951), 
the Pampean region is humid is the northeast, subhumid in the east, subhumid – 
dry in the west, and semiarid in the south.      
 The intensity of winds is greater from September to January. During 
summer, the direction of winds is mainly from the north, northeast and northwest 
because of the influence of the Atlantic anticyclone and low atmospheric pressure 
in the continent. During winter the situation reverses, and a high pressure centre 
is established in the continent. As a consequence, winds from the west and 
southwest are prevalent.    
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Table 1.1.1. Generalized stratigraphy of the Pampas region (taken from M. Turner 1975, in Instituto Nacional de Tecnología 
Agropecuaria 1989). 
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Figure 1.1.1. Morpho-structural elements of the Buenos Aires province (left); Basins of the Buenos Aires province. Filling cretacic – 
tertiary sediments (right). (taken from M. Yrigoyen 1975, in Instituo Nacional de Tecnología Agropecuaria 1989). 
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Figure 1.1.2. Map of Soil Domains in the Buenos Aires province (Instituto 
Nacional de Tecnología Agropecuaria 1989). 
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1.2. Studied Pampas subregions 
 
1.2.2. Detailed description of the flooding Pampa. 
 
Geomorphology, hydrology and climate. 
 
 The Flooding Pampa is a vast intrazonal area of about  90.000 km2 
located on the East of the Pampa region (Figure 1.2.1). Most soils were 
developed from loess-like sediments which were transported from the Andes 
Mountain range on the West. Subsequently, during the climatic alternations of the 
Quaternary Period, they were affected by different geomorphic processes: 
overflows due to the action of surface water, aeolian action that gave way to 
deflation-accumulation land forms and littoral action connected with the 
interglacial sea ingressions. Soil profiles developed on sediments of different age 
and/or origin are common in the region (Instituto Nacional de Tecnología 
Agropecuaria 1977, 1989, Tricart 1973). 
 The present climate is temperate, subhumid on the West and humid near 
the Atlantic Ocean. Rainfall generally has a balanced monthly distribution, but the 
total yearly rainfall undergoes cyclic variations (Sala et al. 1984). The most 
frequent storms, occurring in winter, when water requirement by 
evapotranspiration is low, last for three to four days and may cause floods 
(Canziani et al 1984).  In summer, water losses are usually very high and drought 
periods occur. 
Land-form is characterized by its extreme flatness (Figure 1.2.5) and low 
relief above sea level (descending gently from around 30 m in the inland borders 
toward the coast). The general slope is very slight, which has prevented the 
development of a hydrologic network that is in a state of balance with the present 
humid climate.  Sala et al. (1984) observed that a significant portion of the region 
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has 0 km km2 of drainage density (Figure 1.2.2), with permanent and temporary 
ponds generally connected with groundwater, and so the vertical movement 
components of the hydrologic cycle become more important (Kovacs 1984). 
Except for the Salado River, there are no other significant watercourses. The 
network of small streams and brooks that originate in the South disappear upon 
entering the region. From the beginning of this century, these large volumes of 
water have been conveyed to the Atlantic Ocean through made-man channels. 
Groundwater remains near the soil surface for long periods.  
 
The occurrence of floods and periodic surface ponding. 
   
Fluctuations of water table depth generally agreed with 
total yearly rainfall (Lavado and Taboada 1988). In the relatively dry 1983 (835 
mm) the water table generally remained well below the soil surface, but it was 
generally near the surface throughout the wetter 1984 (1180 mm), 1985 (1300 
mm) and 1986 (1012 mm) (Figure 1.2.3)  In these years floods occurred: in 1984, 
from the beginning of July to the middle of September and from mid-October to 
the beginning of November; in 1985, from the end of July to the end of August 
and from the beginning of October to the beginning of December; in 1986, over 
almost all of April and from the beginning of August to the middle of October. 
Flood water height above the soil was never higher than 0.20 m. Periods with 
water deficit occurred during the first half of 1983 and during summer in 1984/85. 
At those times the water table was deeper than 2 m. Figure 1.2.4 shows Landsat 
images taken during both dry and flood periods occurred at 1999 and 2001. 
 The water table elevation generally fluctuates from a maximum at the end 
of winter- beginning of spring, to a minimum at the end of summer- beginning of 
autumn. It agrees respectively with the periods in which floods and droughts 
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occur. Yet there also exist more erratic increases in phreatic heights 
corresponding to stormy seasons that occur over the whole region (Canziani et 
al. 1984; Lavado and Taboada 1988).The main portion of the region is devoted to 
cattle breeding on natural grasslands (Figure 1.2.5), which constitutes its main 
economic activity. This soil use was found to cause the increase of salt content in 
topsoil, as shown by Figure 1.2.3  (Lavado and Taboada 1987). The highest 
lands are used for human settlement and for some agricultural use. 
 
The origin of soil halomorphism 
 
The Flooding Pampa is one of the areas in the world with extensive 
Solonetzes. The origin of these soils and the influence of environmental factors 
on their formation were the subject of many interpretations and controversies. 
Thus, different emphasis has been placed on a number of different factors such 
as floods, droughts, salts provided by rainfall, salts released by weathering of 
minerals, lack of regional slope, and so on (Durán  1981, Lavado 1983, 
Lavado and Taboada 1986, Miaczinski et al 1984, Moscatelli and Scoppa 1984, 
Tricart  1973).  
Most soils (60%) in the region under study are included in the aquic 
regime (Instituto Nacional de Tecnología Agropecuaria 1977; Moscatelli and 
Scoppa 1984, Instituto Nacional de Tecnología Agropecuaria 1989); most of 
them show a natric horizon and excess of soluble salts, and they do not freeze in 
winter. The main Great Soil Groups of Soil Taxonomy (Soil Survey Staff 1975) in 
this region are Natraquolls (28 000 km2) and Natraqualfs (11 000 km2) (see 
Figure 1.1.2, Ch. 1.1, Figure 1.2.6). These soils do not occupy patches of 
different size, as in other regions in the world, but exist in large areas: the same 
Series of soils may cover a continuous area of a hundred thousands hectares 
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(Berasategui and Barberis 1982). Natralbolls, Argialbolls, etc. are also present, 
but only to a smaller extent. The climax soils of the Pampa region (Hapludolls, 
Argiudolls, and so on) are found in the highest places of the landscape. Most of 
the soils belong to loamy or loamy-fine texture families. They show a strong 
textural contrast between horizons, which is usually related to the presence of 
lithologic discontinuities (Instituto Nacional de Tecnología Agropecuaria 1977, 
Instituto Nacional de Tecnología Agropecuaria  1989). The mineralogy of the 
fraction below 2 µm (Lavado and Camilión 1984) does not differ from that found 
in the other soils of the Pampa region: there is a large amount of illite, a smaller 
amount of pure and interstratified smectitic materials and a small amount of 
kaolinite. Volcanic ashes are also present. 
The salinity of groundwater, as measured by its electrical conductivity 
(ECw), is low (0.80 to 2.10 dS m-1) when groundwater is at depth (> 1 m). During 
fooding, the water table rises up to the impervious, sodic, Bt horizon (about 0.6 – 
0.7 m depth), which checks further water table rises.  Groundwater reaches an 
ECw of 40 - 50 dS m-1. It could be hypothesized that salts from deep saline 
aquifers were carried upward at flooding. The occurrence of saline groundwaters 
in the area is probably associated with the underlying marine deposits from the 
Quaternary period (Tricart 1973). 
During a long time, there was not a clear model for the genesis of salt-
affected soils in the flooding Pampa. This has led to inappropriate reclamation 
methods of these soils. Lavado and Taboada (1988) found that the process of 
topsoil salinization takes place after saline peaks in phreatic water at flooding 
periods (Figure 1.2.3). At the bottom of the profile salts would probably move by 
diffusion, but in the upper horizons they move by convection. This upward flux 
occurs episodically in summer when water requirement by the atmosphere is 
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high. Each of the five horizons above the salinized water table acts as a link with 
its own characteristics. Any of them stopping or delaying salt movement causes 
salts not to surface the soil. This successive sequence starting with the rise and 
salinization of the phreatic water, does not enable in this case the application of 
the concept of a "critical depth" of groundwater, as occurs in other instances 
(Peck 1978). 
 The distribution of salts and sodium in the profile, mainly depend on two 
salinization regimes acting at different depths. The B22 and B31 horizons, that 
are often salinized by groundwater maintain a relatively high salinity and alkalinity 
(Figure 1.2.6). Since salt leaching prevails on the surface horizons, they tend to 
be similar to zonal soils. Halomorphism in topsoil only occurs to a small extent 
and is due to episodic salt rises.  The characteristics of the salinization and 
alkalinization   processes result from the interaction of several factors (climate, 
geomorphology, hydrology and land use) and from the proper soil water and salt 
dynamics. Figure 1.2.6 shows the profiles of two Solonetzes of the region, both 
with high water tables. Soils with high exchangeable sodium percentages (ESP)  
from the Bt (natric) horizon (Natraquolls, US Soil taxonomy) are more productive 
than those with high ESP values from surface (Natraqualfs).  
 
1.2.2. Detailed description of the rolling Pampa. 
 
 The rolling Pampa occupies about 5 M hectares, being one of the most 
important cropland areas of Argentina. This includes the north of Buenos Aires 
province, the south of Santa Fe province and the southeast of Córdoba province 
(Figure 1.2.1). The region takes part of the “Continental Planes” Unit, and is 
coincident with the sector called as “Rolling with thick loess”. This is composed 
by loessian sediments of great thickness, which granulometry decreases from the 
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south-west to the northeast. In the southwest and centre, soil materials are silty 
loam while in the northwest soil materials are commonly silty clay loam. At the 
same time this change occurs, clay mineralogy changes from illite in the 
southwest and centre to montmorillonite in the east (Iñíguez and Scoppa 1970). 
The sediments are very rich in calcium carbonate. They are also rich in volcanic 
ashes, anphibols, piroxenes, and clay minerals (illite).  
 The area may be subdivided in two different sectors, each one with 
different soils. The proper Rolling Pampa is mainly covered by silty loams, qich 
evolved over loess sediments (Bonaerense Unit). A Landsat image of this area is 
shown by Figure 1.2.7. The relief is undulated in the north (rolling Pampa), in 
which the high slopes turn the soils prone to water erosion losses. In the rolling 
Pampa soil profiles have not lithological discontinuities up to 2m depth. In the 
west of the rolling Pampa, the soils were developed over sandy sediments 
(Invading dune), which led to agricultural soils with sandy loam texture in their A 
horizon (Figure 1.2.8). 
In the proper rolling Pampa the variations in parent materials and relief 
gave way to the development of vertic Argiudolls (US Soil Taxonomy) or vertic 
Phaeozems (FAO Soil Classification) and abruptic Argiudolls in the northeast , 
which were developed over finer materials, and typic Argiudolls   (US Soil 
Taxonomy) or luvic Phaeozems (FAO Soil Classification) (Figure 1.2.9)  where 
the parent material is silty loam and the relief undulated. In places where the 
relief is more plane and drainage less defined, there are Argiaquollic Argiudolls, 
Aquic Argiudolls (US Soil Taxonomy) and other kind of Planosols (FAO Soil 
Classification). The lowlands and borders of streams and rivers are covered by 
typic Natraquolls and typic Natraqualfs (US Soil Taxonomy) or Solonetzes (FAO 
Soil Classification). In the invading dunes, prevailing soils are Typic Hapludolls 
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(US Soil Taxonomy) or Haplic Phaeozem (FAO Soil Classification) (Figure 
1.2.10).  
 According to a study performed by SAGyP – CFA (1995), about 36 % of 
the are of the rolling Pampa is affected by water erosion.  The relief has soft to 
moderate slopes (up to 2 – 3 %). Due to the silty loam topsoil texture, which is 
highly susceptible to physical deterioration, and the clayey subsoil, most 
rainwater does not infiltrate to the soil and generates runoff. 
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Figure 1.2.1. 
Subdivision of the 
Pampean region [A. 
rolling Pampa, B. Inland 
Pampa (B1. Plane 
Pampa, B2. Western 
Pampa); C. Southern; 
D. flooding Pampa; E. 
Mesopotamian Pampa] 
Source: Hall et al. 1992. 
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Figure 1.2.2. 
Drainage 
network of the 
Inland Pampa 
and the 
flooding 
Pampa. 
Source: Sala 
et al. (1984) 
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Figura 1.2.3. Variation of groundwater depth and salinity (CE), and soil 
salinity in the A and B1 horizons in situations manager under continuous 
grazing and under grazing exclusion  Source: Lavado and Taboada 1987). 
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Figura 1.2.4. Landsat images showing a plane-concave landscape during dry conditions (October 1999) (at left); and during flooding 
(November 2001) (at right), in a Samborombón  Bay sector. Source: Instituto de Clima y Agua -INTA 
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Figure 1.2.5. Landscape of the native grassland in the north of the flooding Pampa. 
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Figura 1.2.6. Photographies of two representative soils of the 
flooding Pampa. Left: sodic soil at depth (Natraquoll). Right: sodio 
soil from  surface (Natraqualf). Source: Francisco Damiano (INTA 
Castelar 
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Figure 1.2.7. Landsat image taken in January 1999 of a sector of the north of the 
rolling Pampa. Red colours indicate field lots cropped to soybean. Ligh blue colours 
indicate filed lots after wheat harvesting. 
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Figure 1.2.8. Landsat image taken in January 1999 of a sector of the rolling Pampa, with 
invading sand dunes.  
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Figure 1.2.9. Soil 
profile of a Typic 
Argiudoll (US Soil 
Taxonomy) or Luvic 
Phaeozem (FAO Soil 
Classification). 
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Figure 1.2.10. Soil profile 
of a Typic Hapludoll (US 
Soil Taxonomy) or  
Phaeozem (FAO Soil 
Classification). 
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1.3. Soil structural behaviour 
 
1.3.1. The aggregation – disaggregation equilibrium 
 
Soil structure can be envisaged as the arrangement of soil particles in 
aggregates, which leaves voids spaces (i.e.  pores)  in the free spaces intra- and 
inter-aggregates. This arrangement is shown by Figure 1.3.1, taken from Kay 
(1990).  It becomes evident that in the soil there are particles, aggregations, and 
life forms across a huge variety of scales, ranging from nanometers (nm) to 
meters (m).  However, soil management practices such as tillage, machinery 
passage, livestock grazing, and so on, can not affect all these scales, but only 
those belonging to higher hierarchical orders. It concerns to macroaggregation (> 
250 µm) and related macropores (> 50 µm), as shown by Dexter (1988). As a 
result, the processes more affected by soil structural deterioration (e.g. 
compaction) are rapid drainage, aeration, and plant root growth. 
Six et al. (2004)  reviewed the history of research on the link between 
aggregation, soil biota, and soil organic matter dynamics.  Before 1950, it was 
already clear that the following factors influenced soil aggregation: (1) soil fauna; 
(2) soil microroganisms; (3) roots; (4) inorganic binding agents; and (5) 
environmental variables (Figure 1.3.2).  The first aggregate – SOM model based 
on this theory was proposed by Emerson (1959), who described how a soil crumb 
consisted of domains of oriented clays and quartz particles. According to the 
Emerson model, SOM increased the stability by linking together domains of 
oriented clays and quartz particles. Emerson and Bremmer (1967) rejected 
Emerson’s model of aggregates containing sand grains as primary building 
blocks. They postulated that the organic matter complexes into the 
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microaggregates would be inaccessible to microorganisms and physically 
protected. Both models –Emerson´s and Edwards and Bremmer´s- were 
coincident to presenting a quasi-static vision of soil structure. At present, a 
dynamic vision of soil structure prevails. Such vision arises in the ’80 decade, 
from the hierarchical model proposed by Tisdall and Oades (1982), which was 
little but significantly modified two years later by Oades (1984). Oades (1984) 
propose that the structure of surface soil is the result of the equilibrium between 
processes leading to aggregation, which are counteracted by processes leading 
to disaggregation (Figure 1.3.3). These factors may be either abiotic or biotic, and 
either natural or anthropic, and have significant interactions that modify 
magnitude and sense of effects on soil structure equilibrium. For instance, soil 
wetting – drying cycles effect can be largely enhanced in the rhizosphere of plant 
roots (Dexter 1988).  
 
1.3.2. Definition of form, stability and resilience 
 
Form  
 
  
 The term structural form describes the heterogeneous arrangement of 
solid phase and porous space existing in the soil at a given moment. Soil 
structural form is closely related to morphological aspects of soil, such as terms 
like “granular”, “blocks”, “prisms”, etc. utilized to characterize the shape of 
aggregates in the field (Soil Survey Staff 1954).  A given soil can have structural 
forms less or more favourable for agricultural or husbandry activities. There is not 
an ideal structure for all purposes. For instance, while a loose seedbed is 
preferable for the establishment of seedlings, soil bearing capacity must be firm 
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to allow the passage of machinery or to diminish shallow compaction by animal 
trampling (Dexter 1988). A good seedbed structure is that composed by granular 
or subangular blocky aggregates. On the other hand, there are clearly 
inconvenient topsoil structures, such those of planar shapes or directly unshaped 
or massive.  The occurrence of planar or laminar structures may be natural or 
artificial. This is natural in the case of eluvial (E) horizons, which lost most their 
colloids (organic matter, clays, etc.). These E horizons are frequent in Pampas 
soils affected by hydromorphism, like Argialbolls and Natralbolls (US Soil 
Taxonomy). These kind of soil may be (or not) natric, but they always have a 
tough, impervious, Bt horizon below the E horizon. Soil aggregate size is closely 
related to the growth of plant roots. In general terms,  the larger the aggregate 
size, the shorter the length of roots (Dexter 1988, Glinski and Lipiec 1989).  The 
grade of soil structure concerns to its consistence, which is defined at different 
moisture ranges. For instance, tillage operations are preferred when soil is at a 
friable condition. That is when their aggregates break down by their natural 
weakness planes (Dexter 1988). On the contrary, tillage at excessive water 
content determines a plastic soil behavior. This often leads to large, anoxic clods 
when soil is tilled. These consistence conditions, which are often taken into 
account when soil is tilled, must also be considered to minimize compaction by 
animal trampling. Trampling the wet soil does not lead to compaction, but to 
structural damage by poaching (Greenwood and Mc Kenzie 2001, Mullins and 
Fraser 1980, Scholefield and Hall 1986).   
  
Stability 
 
 The stability of soil structure is defined as the capacity of soil to maintain a 
given arrangement of solids and pores, against the effect of external disturbances 
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(Kay 1990).  A soil aggregate is a “group of primary soil particles that cohere 
each other more strongly than to other surrounding particles” (Soil Science 
Society of America 1997). Soil aggregates can be formed by both aggregation 
and fragmentation processes (Nimmo and Perkins 2002).  There are several 
ways of quantifying aggregate size and cohesive processes. The relative 
abundance of aggregates at each possible size, after breaking the soil into 
individual aggregates in a prescribed way, is the usual representation of the 
characteristic size distribution. Similarly, an abundance index may indicate 
stability, as the fraction of soil material that remains aggregated after a specified 
disruptive procedure (Nimmo and Perkins 2002). The stability of wet aggregates 
can be related to surface-seal development and field infiltration, as water-stable 
fractions may restrict water entry and form surface seals (Loch 1994). The 
relation between aggregation and structural features such as macropores, 
aggregate analysis may help us understand most aspects of soil water behaviour, 
including runoff, infiltration, and redistribution, as well as soil aeration and root 
growth (Nimmo and Perkins 2002). 
 The strength of interparticle cohesion depends on a variety of soil 
physical, chemical, and biological influences, some of the most important being 
air-water surface tension, intermolecular attractive forces between water and 
solids, cementation by precipitated solutes, entanglement by roots and fungal 
hyphae, and various chemical and microbiological phenomena. In measuring 
aggregate size distribution or stability, we reduce the effect of these to a single 
function or index without distinguishing among them (Nimmo and Perkins 2002).    
 The aggregate hierarchy concept proposed by Tisdall and Oades (1982) 
is probably the most significant theoretical advancement in the understanding of 
aggregate – soil organic matter (SOM) dynamics (Dexter 1988, Six et al. 2004). 
In the aggregate hierarchy concept it is postulated that the different bonding 
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agents (i.e. transient versus temporary versus persistent binding agents) act at 
different hierarchical steps of aggregation. Free primary particles  and silt-sized 
aggregates  (< 20 µm) are bound together into microaggregates (20 – 250  µm) 
by persistent binding agents (i.e. humified organic matter and polyvalent metal 
cation complexes), oxides and highly disordered aluminosilicates. These stable 
microaggregates , in turn, are bound together into macroaggregates (> 250 µm) 
by temporary (i.e. fungal hyphae and roots) and transient (i.e. microbial- and 
plant-derived polysaccharides) binding agents.  However, the polysaccharides 
are believed to mostly exert their binding capacity on a scale < 50 µm within the 
macroaggregates. Because of this hierarchical order of aggregates and their bing 
agents, microaggregate stability is higher and less dependent on agricultural 
management than macroaggregate stability (Dexter 1988, Six et al. 2004). In the 
idealized scheme of Figure 1.3.2, the number water-stable microaggregates (i.e. 
20 – 250 µm) is little sensible to the effect of management practices (Dexter 
1988). 
 Two years after the publication of the aggregate hierarchy theory, Oades 
(1984) postulated that the roots and hyphae holding together the 
macroaggregate form the nucleous  of microaggregate formation in the center of 
the macroaggregate. The concept of aggregates within aggregates is shown by a 
scheme by Dexter (1988) (Figure 1.3.5). Since roots and hyphae are temporary 
binding agents, they do not persist and decompose into fragments. These 
fragments coated with mucilages produced during decomposition become 
encrusted with clays resulting in the inception of a microaggregate within a 
macroaggregate (Dexter 1988, Six et al. 2004). Elliott (1986) hypothesized (and 
corroborated) for North American grassland soils  that macroaggregate conain 
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more labile and less highly processed SOM than microaggregates and that this 
SOM is lost upon cultivation.  
 Elliott and Coleman (1988) described, as a mirror image of the aggregate 
hierarchy, four hierarchical pore categories: (1) macropores; (2) pore space 
between macroaggregates; (3) pores between microaggregates but within 
macroaggregates; and (4) pores within microaggregates. The macropores house 
microarthropods; nematodes move through the pores between macroaggregates; 
protozoa, small nematodes and fungi inhabit  the pore space between 
microaggregates; bacteria are protected within the pores of the microaggregates 
(Six et al. 2004). This is also shown by the scheme of Kay (1990) in Figure 1.3.1. 
 Degens (1997) reviewed the labile bonding (organic compounds) and 
binding (hyphae and roots) mechanisms involved in stabilizing soil into 
macroaggregates in soils (aggregates > 0.25 mm diameter). The importance of 
the bonding and binding mechanisms is most likely to depend on the extent of 
soil contact with the decomposing organic C and factors influencing the growth 
and composition of decomposing microbial populations. Such factors may include 
soil water potential and aeration regime,quality of decomposable organic C, and 
pore size distribution. Binding mechanisms involving fungal hyphae are likely to 
contribute most to the formation of macroaggregates in sandy soils or soils 
containing sufficient quantities of aggregates 100 – 250 µm.  
Angers et al. (1997) corroborated the concept of microaggregate formation 
within macroaggregates, by tracing C and N in macro- and microaggregates during 
decomposition of 13C15N labeled wheat straw under field conditions. They found a 
redistribution of C from macroaggregates to microaggregates. During 
decomposition, plant material fragments or particulate organic matter (POM) 
gradually become encrusted with clay particles and microbial products to form the 
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core of stable microaggregates (Golchin et al. 1994). It is emphasized that root-
derived POM plays  an important role in the formation of microaggregates, and that 
the microaggregate formation is crucial for the storage and stabilization of soil C in 
the long term (Jastrow and Miller 1998, Six et al. 1998, Gale et al. 2000). 
Six et al. (1998) developed a conceptual model (Figure 1.3.6) to explain the 
influence of disturnce  (e.g. tillage) on soil C stabilization rates. Their model links a 
proportion of the C lost upon disturbance to the increased turnover of 
macroaggregates . Within the model, the rate of macro- and microaggregate 
formation, stabilization and degradation are directly related to the dynamics of 
POM-C. Following the incorporation of fresh residue in the soil, soil fungi and other 
soil microorganisms utilize the more easily available C and produce mucilages 
resulting in the formation of macroaggregates  around coarse(> 250 µm) intra-
aggregate POM (coarse iPOM). Coarse iPOM is further decomposed and 
fragmented into fine (53-250 µm) iPOM. The fine iPOM and associated mucilages 
become encrusted with minerals to form the stabilized organic core of a newly 
developed microaggregate within macroaggregate. The latter process is cut short if 
the macroaggregate turnover is increased by disturbance, resulting in a reduced 
sequestration of C (Six et al. 2000, 2004). In most ecosystems and especially 
agroecosystems, macroaggregation shows great seasonal dynamics (Perfect et al. 
1990a, b), and the mean residence time of macroaggregates han been estimated to 
average 27 days with estimates as low as 5 days (Plante et al. 2002).  
 
Resilience 
 
 The concept of resilience makes reference to the ability of a given soil to 
recover its original attributes after a disturbance (e.g. tillage, trampling, etc.). To a 
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greater extent, soil resilience is closely related to the response of soil the normal 
wetting – drying cycles (Dexter 1988, 1991). This level of response tends to be 
maximum in soils with swelling clay minerals. Expansive soils have been 
traditionally included in Vertisol Order, which also comprises associated vertic 
intergrades (Dudal and Eswaran 1988).  However, soil volume changes upon 
desiccation or rewetting are not restricted to clayey soil systems (Wilding 2004). 
Oades (1993) distinguished different mechanisms of aggregation for sands (< 15 
% clay), loams (15 – 35 % clay) and clays (> 35 % clay) (Table 1.3.1). A sand 
has structure because it has pore size distribution created by the size and the 
packing of sand grains. This structure can be changed by altering the packing of 
the sand grains by tillage or compaction or rearrangement by soil animals. The 
structure is not altered significantly by drying and wetting cycles because the 
shrink-swell capacity is virtually zero. Binding of sand grains together will thus 
depend on biological factors. 
 In loams the cohesive nature of clays and the swell-shrink capacity 
associated with colloidal particles creates aggregates during drying and wetting 
cycles.  The greater the clay content, the greater the swell-shrink capacity and 
the more vigorous the cycles of structural formation during dry-wet cycles. Plants 
play a major role in structural development of loams because they influence the 
rate, rate and spatial development of the drying phase. Root systems also play a 
major role in the stabilization of the structure created. Soil fauna also create 
aggregates as faecal pellets (Tisdall 1991) and both biotic and abiotic factors are 
important in loams (Oades 1993). Among the textural group of loams, those soils 
with proportion of fine silt (2 – 20 µm) are highly susceptible to structural 
deterioration (Cosentino and Pecorari 2002). Due to the null swelling capacity of 
silt mineral, the resilience of silty soils is low (Stengel et al. 1984). 
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 Maximum development of aggregation occurs in smectite-rich clays in 
Vertisols and Mollisols (Oades 1993). Some clay soils exhibit the desirable 
structural feature of “self-mulching”. This involves the development of a friable, 
granular soil structure in the top few centimetres of soil after only a few drying 
and wetting cycles. Even a severely puddle soil will regenerate this desirable 
structure after two or three wet-dry cycles.  In such clay-rich soils the creation of 
structure is dominated by the behaviour of clays and as well as the top few 
centimetres of these soils are concerned biological factors are not important for 
either structural formation or stabilization.   
 
1.3.3. Creation of soil structure 
 
 Soil structure features, of a given size order, may be produced either by 
the combination of structural elements of lower hierarchical order or by the 
fragmentation of structural elements of higher hierarchical orders. These 
processes were reviewed by Dexter (1988). 
 
Combination processes  
 
 Primary (clay) particles may be combined into quasi-crystals; domains or 
assemblages depending on the clay particle morphology. Each of these 
compound particles may be typically 1 – 2 µm across.  In a quasi-crystal, thin 
flexible plates of, for example, Ca-montorillonite are in almost perfectly aligned 
stacks with, typically, 80 % of the surface areas of individual lamellae in close 
adhesive contact.  In a domain, rigid platy particles of, for example, Ca.illite have 
typically 20 % of the surface areas of the particles in close contact.  The forces 
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between particles in close adhesive contact and there are intervening water 
layers have been reviewed by Quirk (1978). The forces of soil  cohesion depend 
strongly on water content and other conditions (Nimmo and Perkins 2002).  
 Compound particles in the size range 2 – 20 µm can be formed by several 
processes (Dexter 1988). Amongst them, through the flocculation processes 
where the attractive forces of physical/chemical origin pull the particles together.  
Clusters of 2-20 µm can be also formed by the sticking of clay particles to 
droplets of mucilage exuded from soil microorganisms or to fragments of partially 
decomposed biomaterial (Turchenek and Oades 1978). 
 Microaggregates are conveniently assigned to the size range 20 – 250 µm 
(Dexter 1988; Oades 1984; Tisdall and Oades 1982). Three conditions were 
proposed by R. Horn and A. R. Dexter (unpublished, in Dexter 1988) for 
microaggregation to proceed. Firstly, any pre-existing bonds between the soil 
particles must be broken by mechanical disturbance; secondly, the physical 
chemistry of the soil must be such that clusters of particles of 10 – 20 µm 
diameter can form, and thirdly, the water potential of the soil must be such that 
water menisci can act on these clusters and can pull them together to form 
microaggregates with sizes up to the order of 150 µm.   
 Aggregates, defined as compound particles > 250 µm, may be formed in 
homogenous soil by wetting and drying cycles. When the soil colloids shrink, 
cracks have to appear and these cracks define the boundaries of the aggregates 
or peds (Dexter 1988, 1991). With each wetting of the soil, swelling pressures 
tend to consolidate the aggregates, but the cracks which defined the boundaries 
between aggregates always remain planes of weakness. Subsequent wetting 
and drying of each aggregate occurs through the surface defined by the cracks 
(Dexter 1988, 1991). On each wetting and drying cycle, the features which define 
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the aggregates, such as interaggregate cracks and intra-aggregate heterogeneity 
(i.e. clay percentage) become more pronounced until, after a number of years, an 
equilibrium level of natural aggregation is developed (R. Horn and A. R. Dexter 
(unpublished, in Dexter 1988).  
 Clods (> 25 mm) are, in many soils, the result of compaction by 
agricultural machinery. The compaction pressure applied can press smaller 
structural units together to form larger stable groupings (Dexter 1988). 
 Biological processes, such as the excretion of soil by earthworms, can 
also produce soil aggregates. Other biological processes were discussed above, 
when explain the meaning to structural stability.  
 
Fragmentation processes  
 
 Fragmentation of larger structural elements (of higher hierarchical order) 
to produce smaller structural elements (of lower hierarchical order) is a result of 
mechanical stress (Dexter 1988). The stress may be applied externally by, for 
example, a tillage implement or may be applied internally by the action of water. 
Either internally- or externally-applied stress will cause fragmentation when the 
stress in the soil reaches a level of stress equal to the soil strength. The fracture 
may be either or by tensile or by failure.  
 The drying of a wet soil with a high shrink/swell capacity is shown in 
exaggerated form in Figure 1.3.7. Initially, shrinkage is accommodated by vertical 
(downwards) movement of the soil surface (i.e. subsidence). Eventually, tensile 
stresses, acting in the horizontal direction (Fig. 1.3.7 a), become equal to the 
tensile strength of the soil  and vertical desiccation cracks occur (Fig. 1.3.7. b) 
(Towner 1987, Vogel et al. 2004). Slow drying tend to produce wide cracks at 
large spacings, whereas rapid drying tends to produce more but narrower cracks 
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at smaller spacing. These cracks tend to form a hexagonal-type pattern on the 
soil surface, but in crops they may run half-way between the rows of plants where 
the soil is wettest and hence weakest. When the primary cracks reach a certain 
width (probably around 5 mm), air convection currents develop in them and 
drying of the soil from the vertical crack faces occurs. The tensile stresses 
induced in the vertical crack walls can then induce secondary (horizontal) cracks 
(Fig. 1.3.7. C). Further drying can produce tertiary cracking (Fig. 1.3.7 D).  
The volume of soil delineated by cracks would probably turned up as 
clods on tillage of such a soil. The clods produced by desiccation cracking of soil 
are generally too large for use directly in seedbeds. And usually must be further 
broken down by application of mechanical stresses, externally by tillage, 
internally by weathering (wetting and drying) processes or by a combination of 
the two (Dexter 1988). 
Wetting can produce cracks too. Rapid wetting of a dry soil may cause 
slaking of the soil into microaggregates (Dexter 1988). Slower rates of wetting 
can produce partial slaking or mellowing. These slower rates of wetting can result 
in considerable strength reductions (e.g. Dexter et al. 1984), and can increase 
the soil friability (Utomo and Dexter 1981).  
The microcracks induced by wetting may not be randomly oriented, and 
this can lead to anisotropy of soil strength (Mc Kenzie and Dexter 1985). 
Microcraks induced by the stresses generated by differential swelling on wetting 
are thought to be oriented perpendicularly to the wetting front, whereas 
microcracks induced by entrapped air are thought to lie mainly parallel to the 
wetting front (Mc Kenzie and Dexter 1985). Generally, however, it seems that the 
effects of differential swelling and sir entrapment are synergistic in their effects on 
slaking or mellowing (Grant and Dexter 1986, 1990). Soil will not slake or mellow 
under the action of wetting unless its initial matric water potential is more 
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negative than about – 1 MPa (Grant and Dexter 1986). Rapid wetting does not 
appear to cuase any breakdown of compound particles to sizes smaller than 
about 250 µm (Oades 1986).   
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Table 1.3.1. Biotic and abiotic influences on soil structure (Oades 1993) 
  
  
Sand 
(< 15 % 
clay) 
Loam 
(15 - 35 % 
clay) 
Clay 
(> 35 % 
clay) 
Swell - shrink capacity Minimum Important Maximum 
Abiotic aggregate formation Minimum Important Maximum 
Biotic influences 
  
Aggregate 
stabilization
and 
degradation
Aggregate 
stabilization 
and 
degradation 
Minimal 
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Figure 1.3.1. 
Size variation 
of different 
components of 
soil (Kay 
1990). 
 
 
 53
 
Microorganisms
Roots Environmental
variables
Soil fauna Inorganic binding agents
Aggregation
 
Figure 1.3.2. The multiplicity of interactions and feedbacks between the 
five major factors influencing aggregate formation and stabilization (Six et 
al. (2004). 
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Aggregation Disaggregation
Abiotic: 
• wetting –drying cycles;
• rainfall etc. Biotic:
• microorganisms;
• plant roots;
•microbial and root
exudates, etc.
Anthropic:
• tillage;
• machinery passage;
•Livestock grazing:
•crop rotations, etc.
 
Figure 1.3.3. Factors influencing the aggregation – disaggregation equilibrium. 
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Figure 1.3.4. 
Water-stable 
aggregation in a 
red-brown soil, in 
relation to soil 
organic matter 
content . The 
different levels of 
organic carbon 
were obtained in 
plots subjected to 
different rotations. P 
= pasture; W = 
wheat; F= fallow 
(Dexter, 1988) 
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Figure 1.3.5. The concept of aggregate 
hyerarchy (taken from Dexter 1988). 
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Figure 1.3.6. This conceptual model of the “lyfe cycle” of a macroaggregate allows the 
formation of new microaggregates within macroaggregates and the accumulation and 
mineralization of aggregate –associated organic C. Aggregate turnover occurs as 
anaggregate is formed, becomes unstable and is eventually disrupted. Disturbances 
such as tillage or dry-wet cycles enhance macroaggregate turnover which prevents the 
formation of new macroaggregates and the protection of fine iPOM in these 
microaggregates (taken from Six et al. 2000). 
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Figure 1.3.7. Development of 
desiccation cracks in a drying 
soil as observed in vertical 
profile. In A, desiccation 
producing (horizontal) tensile 
stresses but cracking has not ye 
occurred. In B, primary (vertical) 
desiccation cracks have formed 
which may form a hexagonal- 
type pattern on the soil surface 
delineating peds. In C, drying 
from ped faces caused 
secondary cracking. In D, the 
soil is as dry as it ever gets and 
tertiary cracks define peds 
smaller than in B or C but in 
which re probably still too large 
for use in a seedbed (Dexter 
1988).   
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1.4. Challenges to be addressed in the study regions 
 
1.4.1. Description of still unsolved problems  
 
 This thesis concerns to the behaviour of topsoil structure in Pampas soils.  
As above mentioned, these soils were developed from similar parent materials 
(aeolian loess sediments), but later other soil formation factors affected them  in a 
different way in each Pampas subregion. In particular, this thesis deals with the 
soils of the flooding Pampa and those of the rolling Pampa. In both subregions 
the soils evolved under similar subhumid temperate climate and similar grassland 
vegetation up to the end of the XIX century (Hall et al. 1992, Soriano et al. 1991). 
On the other hand, soils of each region received different effects from relief (i.e. 
plane – concave in the flooding Pampa; undulated in the rolling Pampa), and 
since the XX century differents effects from soil management too. Most soils of 
the flooding Pampa are halo – hydromorphic, and devoted to cattle breeding by 
direct grazing of native grasslands. On the contrary, soils of the rolling Pampa are 
mostly silty loams, and devoted to the production of edible crops under rainfed 
condtions (Senigagliesi and Ferrari 1993).  In both Pampas regions the soils are 
affected by physical degradation, because of soil cultivation in one case (rolling 
Pampa) and because of cattle grazing in the other (flooding Pampa). Due to their 
different inherent properties and external factors, different responses to wetting-
drying cycles can be expected in the soils of each region. It can be then expected 
different soil structural behaviour in soils of both regions, despite their similar 
parent materials. 
 The flooding Pampa is one of the vastest region of the globe covered by 
halo-hydromorphic soils. Temporary flooded soils received considerable attention 
from the point of view of their redoximorphic features and the origin of their aquic 
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regime (Vepraskas and Sprecher 1997). Many of them are devoted to rice 
production in “paddy” soils, in which many authors characterized their aeration 
and redox potential regime (Glinski and Stepniewski 1985, Ponamperuma 1972).   
Unlike this, studies concerning their structural behaviour are not abundant. In the 
flooding Pampa the soils are often subjected to extreme water content 
fluctuations, as they are ponded during winter-spring and are dry in summer. It is 
still little known the effect of these great wetting and drying cycles on their 
structural behaviour. Besides, it is interesting to investigate how the prevailing 
soil use (livestock grazing) interacts with natural factors operating on soil 
structure. Is the topsoil compacted by cattle trampling? How long does 
deleterious effects by trampling last? How resilient are flooding Pampa soils? 
These are striking point to be addressed, since few authors who studied grazing 
and trampling effects worked in flooded areas like this. 
Silty loams are very conspicuous in large plains of the globe, like the 
rolling Pampa of Argentina (Instituto Nacional de Tecnología Agropecuaria 1989). 
In such regions they sustain the production of edible crops under rainfed 
conditions. When conventionally tilled (e.g. mouldboard and disc ploughing, etc), 
silty loams often undergo significant organic carbon decreases, and hence, 
physical deterioration and water erosion losses (Logan et al. 1991, Senigagliesi 
and Ferrari 1993). Many silty loams were passed to zero tilled to protecting them 
against water erosion losses. However, this was not often successful  since they 
develop shallow compaction after short term zero tillage (Díaz-Zorita et al. 2000, 
Pierce et al. 1994, Thomas et al. 1966, Voorhees and Lindstrom 1984). This was 
ascribed to their poor response to the normal wetting-drying cycles (Stengel et al. 
1984). Zero tilled soils are minimally affected by mechanical stresses, and hence, 
their structural behaviour depends strongly on the effect of natural abiotic and 
biotic factors of soil aggregation. Some questions to be answered in Pampas silty 
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loams are the following: to which extent do they develop shallow compaction after 
short term zero tillage? How abiotic and biotic aggregation mechanisms interact 
in these soils? Are wetting and drying cycles so ineffective as commonly 
believed?; how soil degradation affects the response of soils to wetting and 
drying cycles? Is soil compaction an important issue for crop root growth? The 
response of these questions will allow us to design better crop production 
systems in the rolling Pampa. 
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2. GENERAL OBJECTIVES AND HYPOTHESIS 
 
2.1. Objectives 
 
 The general objective of this thesis was to investigate soil structural 
behaviour in the flooding Pampa and the rolling Pampa of Argentina, and to 
analyze comparatively natural and made-man factors determining the structural 
behaviour in each Pampas subregion. A striking point to be addressed is the 
influence of soil wetting and drying cycles, which have different magnitude in 
each subregion, and their interaction with soil use (cattle grazing in the flooding 
Pampa, and agriculture in the rolling Pampa).    
 In the flooding Pampa the specific objectives were to investigate: 
a) the effect of the seasonal ponding – drying cycles on soil volume 
changes; 
b) the effect of cattle grazing during ponding – drying cycles; 
c) the effect of soil halomorphism on soil structural behaviour; 
d) mechanisms responsible for aggregate stabilization and macropore 
creation; 
e) the relationship between water table movements and soil structural 
behaviour. 
 
In the rolling Pampa, the specific objectives were to investigate: 
a) topsoil compactness under different management regimes; 
b)  the development of shallow compaction in zero tilled soils; 
c) mechanisms of aggregation in soils subjected to different management 
regimes; 
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d) soil volume changes and cracking during wetting and drying cycles in 
soils subjected to different management regimes; 
e) crop root growth and soil physical constraints  in conventionally- and zero-
tilled soils. 
 
2.2. Hypothesis  
 
 It is hypothesized that soils with similar parent material (loess) and  
vegetation (grassland), but that afterwards evolved under different relief and soil 
use factors, have at last different structural behaviour in their topoils. In the 
flooding Pampa, where the soils are subjected to seasonal ponding  and drying 
cycles, the aggregation of topsoil is expected to be mainly abiotic. In the rolling 
Pampa, where the soils have high fine silt contents, the solid phase is expected 
to have quasi rigid behaviour and soil aggregation to be mainly biotic.   
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3. SOILS OF THE FLOODING PAMPA 
 
3.1. Specific antecedents 
 
3.1.1. Brief characterization of the study region 
 
The Flooding Pampa, located in the Province of Buenos Aires is one of 
the areas in the world with extensive Solonetzes (Instituto Nacional de 
Tecnología Agropecuaria 1977, 1989). Land-form is characterized by its extreme 
flatness and low relief above sea level, and the general slope is very slight.  The 
water table elevation generally fluctuates from a maximum at the end of winter - 
beginning of spring, to a minimum at the end of summer -beginning of autumn. It 
agrees respectively with the periods in which floods and droughts occur (Lavado 
and Taboada 1988). Water table does not reach the topsoil during floods. Its rise 
is checked by the bottom of the tough and impervious natric horizon. Floods are 
caused by rainwater that accumulates over this tough natric horizon (Lavado and 
Taboada 1988). So, the presence of salts and sodium at soil surface is not 
caused by flooding water, but by  seasonal pulses from subsoil when 
atmospheric water demand is high (Lavado and Taboada 1987, 1988). These 
pulses are favored by grazing decovering of soil, and by seasonal, dramatic, salt 
concentration increases in groundwater (Lavado and Taboada 1988).   
 
3.1.2. Theoretical impact caused by trampling by domestic stock. 
 
The main portion of the region is devoted to cattle breeding on natural 
grasslands, which constitutes its main economic activity. This soil use was found 
to cause the increase of salt content in topsoil (Lavado and Taboada 1987). The 
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largest anthropogenic impact on soil in the Flooding Pampa results from the 
management of cattle grazing. Trampling by cattle is reported by the literature as 
causing increases in bulk density by compaction in the soil surface (Heady 1975, 
Lull 1959, Van Haveren 1983, Warren et al. 1986, Willat and Pullar 1983).  
Nevertheless some results in disagreement with this opinion.  The factors 
causing these differences are obviously related to different soil properties.  They 
make it difficult to transfer results from one site to another.   
 The magnitude of the stress caused by animal hoof impact mainly depends 
on soil water content (Mulholland and Fullen 1991,Warren et al. 1986). When soil of 
low to medium water content is trampled, the main process is compression beneath 
the hoof (Scholefield et al. 1985). This collapses the larger soil pores by the 
mechanical disruption of aggregates (Beckman and Smith 1974; Warren et 
al.,1986). When wetter soil is trampled there is plastic flow around the hoof (Mullins 
and Fraser 1980,  Scholefield et al. 1985). Repeated treading in these conditions 
produces deep hoof-prints, which damage the sward (Davies 1985; Mullins and 
Fraser 1980, Scholefield and Hall 1986). This effect (poaching) generally coincides 
with the presence of free surface water (Mulholland and Fullen 1991), and creates 
dense, unstable surface clods (Warren et al. 1986). Previously damaged soil pores 
can be regenerated, however, during wetting-drying cycles. This depends on soil 
shrink-swell (Dexter 1988), provided the externally applied stress is decreased or 
removed (Kay 1990). The regeneration mechanism depends on formation of 
microcracks, as a compacted soil layer dries (Dexter 1988). Briggs (quoted by 
Davies, 1985) noted recovery of poached grassland during dry periods.  
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3.2. Specific objectives and hypothesis 
 
The specific objectives were to investigate: 
a) the effect of the seasonal ponding – drying cycles on soil volume 
changes; 
b) the effect of cattle grazing during ponding – drying cycles; 
c) the effect of soil halomorphism on soil structural behaviour; 
d) mechanisms responsible for aggregate stabilization and macropore 
creation; 
e) the relationship between water table movements and soil structural 
behaviour. 
f)  
Working specific  hypothesis were: 
a) the soils change their volume by swelling and shrinking; magnitude of 
volume changes is great because it is determined by the extreme water 
content variations during ponding and drying cycles; 
b) the effect of cattle grazing interact with that of soil volume changes, thus 
leading to seasonal damage – recovery periods of soil structure. In winter-
spring, while soil is ponded, topsoil structure is damaged by trampling. 
Topsoil structure is recovered in summer when soil dries and has higher 
bearing capacity. 
c) There is a seasonal soil aggregate stability regime,  that follows the 
periods in which topsoils porosity is damaged and recovered.  
d) There is a threshold of exchangeable Na percentage above which soil 
structure is affected. 
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3.3. Study area and methods 
3.3.1. Study area 
 
The study site is located in the middle of the Flooding Pampa, in an area 
with areic drainage (Figure 3.3.1), geomorphologically identified by Tricart  (1973) 
as the Subregion of the Fine Overflows. The study was carried out in a ranch 
near Casalins (Province of Buenos Aires), that has been engaged in cattle 
breeding since 1903. The soil studied was on a ranch located in the centre of the 
flooding Pampa of Argentina (36° 30'S, 58° 30'W). The region has a temperate 
(mean temperatures 8.5 °C in July and 21.5 °C in January) and subhumid (mean 
annual rainfall 950 mm) climate. Rainfall does not vary with season. The soil is a 
General Guido Series typic Natraquoll (U.S. Soil Taxonomy, Soil Survey Staff 
1975), moderately saline phase (Instituto Nacional de Teconología Agropecuaria 
1989), which covers about 200.000 ha including its different phases. This soil is 
widely representative of those of the center of the area (Instituto Nacional de 
Tecnología Agropecuaria 1977). The soil profile (Figure 3.3.2) description and 
morphological properties are shown by Table 3.3.1.  Water retention curves of 
each identified horizon are shown by Table 3.3.2. The chemical properties of its 
three upper horizons are shown by Table 3.3.3.  The soil is slightly acid, organic 
carbon rich, and with good structural condition at surface (Ah and BA horizons). 
At depth (below the Bt horizon) the soil has high exchangeable sodium 
percentage and hydromorphic features. The clayey and sodic  Btkm1 horizon 
represents an impediment to both downward and upward water movements 
throughout the profile (Lavado and Taboada 1988). Water table rises never reach 
the topsoil in the field, and they are checked by this impervious horizon.  During 
winter – spring soil flooded by rainwater that accumulates over the Btk horizon. 
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Additional information may be found in previous reports on research performed in 
this site  (Lavado and Taboada 1988, Taboada and Lavado 1986) and nearby 
(Berasategui and Barberis 1982, Lavado and Taboada 1985, 1987).  The 
natural grassland is made up of several plant communities (Burkart et al. 1990), 
closely related to the soil properties (Berasategui and Barberis  1982; Lavado 
and Taboada 1985). The dominant grassland community is characterized by 
Piptochaetium montevidense, Eclipta bellidioides, Ambrosia tenuifolia and Mentha 
pulegium (Burkart et al., 1990, Perelman). Figure 3.3.3 shows how the grassland 
canopy looks in summer, when soluble salts reaches the topsoil and are deposited 
over  bare patches. Figure 3.3.4 shows the view of the landscape during flooding. 
Grasses are sparsely distributed over the soil and are stratified in the firs 10 cm 
of plant canopy (Sala et al. 1986).  The range is mainly devoted to the production 
of beef cattle. 
 
 
3.3.2. Experimental design and sampling.  
 
Three grazing treatments were compared in this experiment (Figure 
3.3.5).  i) Grazed area: a 50-ha grassland continuously grazed for one century, at 
a stocking rate of 1 adult cow ha-1 year-1. This low stocking rate (the standard for  
the region) mainly results from low forage availability to livestock during dry 
summers. Grazing is not subjected to any rotational management scheme, and 
livestock graze during ponding periods with the same intensity as when dry. It is 
assumed that timing and rates of grazing are roughly the same throughout the 
year.  ii) Old exclosure: a 4-ha fenced area located in the middle of a grazed field 
where cattle’s grazing was excluded seven years prior to the beginning of the 
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sampling. iii) New exclosure: another nearby 4-ha exclosure, in which the 
exclusion of cattle grazing started three months before the beginning of sampling. 
Grazing exclusion resulted in the replacement of a large number of small 
tussocks by a few large ones.  Total biomass mainly standing dead, increase 
steadily: litter accumulated.  Another major effect was the disappearance of some 
native planophile species and most of exotics from the enclosure (Sala et al. 
1986).  Nevertheless the soil only showed significant reduction in salt content, but 
not in organic matter, total nitrogen, and available phosphorus contents (Lavado 
and Taboada 1985, 1987). 
Pseudoreplication and extrapolability of results. 
 
The experimental site was selected on the basis of our previous detailed  
geomorphological, soil and vegetation maps of this area (Lavado and Taboada 
1985). This previous knowledge allowed us to assume that grazed and enclosed 
areas were similar in both soil and vegetation prior to the start of the experiment 
and, therefore, observed differences were attributed to the treatments. Spatial 
arrangement of the two enclosures in  the paddock (Figure 3.3.4) did not allow for  
treatments to be replicated in space. As a consequence, the implied level of 
statistical inference does not go beyond the soil type  examined in this study. 
(Hurlbert 1984).   
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Table 3.3.1. Soil horizons sequence and morphological description of soil profile. 
 
Ah horizon (0 – 0.12 m). Loamy texture, fine, subangular, moderate, blocky 
structure, moist color 10 YR 3/1; friable consistence (moist); weak, common, 
mottles, abuindant roots.  
 
BA horizon (0.12 – 0.22 m). Silty loam texture; angular, medium, moderate, 
blocky structure; moist color (7.5 YR 3/2); friable consistence  (moist); thin 
clay skins, common mottles, abundant roots.  
 
Bt horizon (0.22 – 0.32 m). Clay loam texture ; medium prismatic structure that 
breakdown in angular, coarse, medium, blocks; moist color (7.5 YR 4/2); 
plastic and adhesive consistence  (moist); scarce clay skins, common 
mottles, abundant roots, Fe-Mn concretions, common roots. 
 
Btk horizon (0.32 – 0.48 m). Clayey texture ; coarse, moderate,  prismatic 
structure; moist color (7.5 YR 5/2); very plastic and very adhesive 
consistence  (moist); very hard consistence (dry), common mottles, Fe-Mn, 
oncretions,  scarce roots. 
 
BCkm1 horizon (0.48 – 0.62 m). Clayey texture; angular, moderate, blocky 
structure, moist color (7.5 YR 5/4); plastic and adhesive consistence  (moist); 
hard consistence (dry), scarce clay skins, abundant mottles, Fe-Mn and 
carbonate concretions, very scarce roots. 
 
BCkm2 horizon (0.62 – 0.71 m). Loamy texture; angular, medium, moderate, 
blocky structure, moist color (7.5 YR 5/4); plastic and adhesive consistence  
(moist); hard consistence (dry), scarce clay skins, abundant mottles, Fe-Mn 
and carbonate concretions, very scarce roots. 
 
C1 horizon (0.71 – 0.84 m). Loamy texture; medium, moderate, blocky structure, 
moist color (7.5 YR 5/4); friable consistence  (moist); hard consistence (dry), 
abundant mottles, Fe-Mn and concretions. 
 
C2 horizon (0.71 - +) 
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Table 3.3.2. Linear functions fitted to matric potential (ψ) logaritms and 
gravimetric water content (θw) in each identified horizon (Lavado and Taboada 
1988). R = coefficient of linear correlation. 
 
Horizon            Equations                   r 
 
Ah        log ψ (MPa) = 3.19 - 0.18 θw (g%) 0.93 * 
BA log ψ (MPa) = 5.95 - 0.30 θw (g%)            0.85 *     
Bt  log ψ (MPa) = 7.33 - 0.30 θw (g%)    0.99 *     
Btk log ψ l(MPa) =13.30 - 0.28 θw (g%)    0.90 *     
BCkm1  log ψ (MPa) =11.56 - 0.27 θw (g%) 0.98 *     
* means highly significant correlation coefficient (P < 0.01). 
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Table 3.3.3. Soil chemical properties in the three upper horizons. 
 
 
 
Horizon Ah BA Bt 
Depth (m) 0 – 0.13 0.13- 0.21 0.21 – 0.32 
Clay (% w) 22.80            24.00            34.00 
Organic C (% w) 3.53             1.62             0.46 
Organic N (% w) 0.28             0.15             0.07 
pH (paste) 6.60             7.30             7.80 
P Bray (mg kg-1) 10.67             8.80               
EC (dS m-1) 1.45             1.55             1.83 
CaCO3 (% w) 0 0 0 
CEC (cmolc kg-1) 13.57            12.69            23.06 
ESP 13.00            11.00            20.00 
 
EC = electrical conductivity of saturation extracts. 
CEC = cation exchange capacity 
ESP = exchangeable sodium percentage 
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Figure 3.3.1.  Geographic location of the study site and limits of the Flooding 
Pampa 
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Figure 3.3.2. Soil profile of General Guido Series (Typic 
Natraquoll) in the study site. The knife denotes the beginning 
of the natric horizon which limits water movement through the 
profile 
 
 
 78
 
 
 
 
 
Figure 3.3.3. Aerial view of the grassland canopy 
showing the bare patches with precipitated salts in 
summer. 
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Figure 3.3.4. General view of landscape during flooding. 
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Figure 3.3.5.  Map of the three grazing treatments and the location of  transects 
for soil sample collection. 
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3.4. Soil volumetric changes in a Typic Natraquoll 
 
3.4.1. Introduction 
 
Soil porosity results from the relation between the solid phase and pore 
space, and represents the best index of soil structural condition (Hamblin 1985). 
Soil bulk density is the most common parameter of porosity. Its variations may be 
cyclic, may depend on soil use as well as on intrinsic soil properties (Reeve et al. 
1973).   
Since long time (Haines, quoted by Newman and Thomasson 1979). It is 
known that wetting – drying cycles give way to continuous volumetric changes in 
soil, because of swelling – shrinking mechanisms. These changes are extensive 
in soils containing swelling clay minerals (Newman and Thomasson 1979, Yule 
and Ritchie 1980), but they were also found in artificial sand – kaolin mixtures 
(Mullins and Panyiotopoulos 1984). As a consequence, the bulk density of these 
soils also varies continuously; polynomial functions were fitted between soil water 
content and bulk density (Berndt and Coughlan 1977, Fox 1964 a).  
In the flooding Pampa the occurrence of Vertisols or soils having vertic 
features is restricted to some northern sectors. In change, Natraquolls are the 
most conspicuous soils (Instituto Nacional de Tecnología Agropecuaria 1977). 
Most soils of the region have high contents of exchangeable sodium, and in 
several cases, high contents of organic matter. Both components may take part 
in soil swelling and shrinking mechanisms (Shainberg and Letey 1984, Smith et 
al. 1985). In addition to the normal soil wetting and drying cycles, soils undergo 
extreme water content fluctuations. They can be water – saturated, or even 
ponded, and they can also dry until high water suction levels (Lavado and 
Taboada 1988).   
 82
In a similar way to that found by Fox (1964 b) in a Vertisol devoted to 
grazing by livestock, in soils of the flooding Pampa under similar management 
there also are desiccation cracks at their surface when very dried.  This shows 
the development of swelling and shrinking mechanisms, and suggests that in the 
context of their extreme hydric regime, flooding Pampa soils are far from having a 
rigid behaviour.  It is known that soil cracks affect water infiltration and 
redistribution thoughout the profile (Hillel 1987). According to Giraldez and 
Sposito (1985), several soils tend to restrict water infiltration when swollen. 
Coincidently, soil infiltration rates in the region are often low to very low (Del 
Barrio 1984).  
Taking this into account, it was hypothesized that soil volumetric changes 
are very important in flooding Pampa soils. This work was carried out with the 
aim of proving these volume changes in a representative soil of the region, as 
well as their causes and determining factors, and their hydrological 
consequences.  
 
3.4.2. Materials and methods 
 
Sampling and determinations 
 
 Soil sampling was carried out across a wide range of soil water contents, 
between September 1983 and July 1986 in both ungrazed enclosure and the 
grazed areas.  Undisturbed soil cores (0.1 m length; 0.09 m diameter) were taken 
in the Ah (n = 193), Ba (n = 21) and Bt (n = 11) horizons of the studied Typic 
Natraquoll (Table 3.2.1; Figure 3.2.1). The size of the cores (“large cores”) 
diminished errors attributable to sampling method (NeSmith et al. 1986).  This is 
important as the samples were taken at extreme soil water contents (ponding an 
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drought conditions). In the laboratory, gravimetric water content (θw) (oven drying) 
and core bulk density (δb) were determined (Blake, in Black 1965). Soil total 
porosity (TP) was calculated as: 
  TP (%v) = 1 – (δb / δp)      [1] 
, being δp = soil particle density = 2.65 Mg m-3; 
and the volumetric soil water content (θv) was calculated as: 
  θv (%v) = δb x   θw      
 [2] 
 Soil swell – index (SSI) from water saturation to air dry conditions  was 
determined (n = 5) (Holtz, in Black 1965). This was done in undisturbed samples  
(Ah and BA horizons), and in grounded and sieved (2 mm) samples of all soil 
horizons up to the BCkm1 horizon. In this experiment, the disturbed samples of 
the Ah horizon were subdivided as four treatments: (i) check; (ii) organic matter 
oxidation with H2O2; (iii) addition of Na (leaching with 500 ml 1 N NaCl solution); 
and (iv) Ca (leaching with 500 ml 1 N CaCl2 solution).  
 In grounded and sieved (2 mm) samples up the BCkm1 horizon the 
mineralogy of clay fraction was determined. The clay fraction ( 2 mm) was 
obtained by sedimentation, and treating with H2O2 in those horizons with high 
organic mater contents. Soil mineralogical characterization was performed in 
oriented suspensions over glass slides, which were analyzed by X – ray 
diffractometry  with Cu and Ni filter radiation (Phillips equipment). Three 
subsamples were used: (i) air – dry; (ii) 12 hs etylenglikol solvation; and 2 h 
calcinations at  550º C. 
 Another determined soil properties were: soil organic carbon by the 
Walkley and Black method (Nelson and Sommers, in Page et al. 1982); humic 
and fulvic acid contents (Schnitzer, in Page et al. 1982);   water retention at – 
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33.3 kPa matric suction (Richards, in Black 1965); sodium adorption ratio (SAR), 
which was calculated from Na+, Ca2+ and Mg2+ concentrations in soil saturation 
extracts; and in the Ah horizon, the lower and upper (liquid) plastic limits 
(Casagrande). In the field, soil infiltration rate was determined (n = 3) using ring 
infilterometers (Bertrand, in Black 1965).  
 
Statistics 
 
 Regression analysis was applied to relate θw and δb between them, and 
analysis of variance (ANOVA) to evaluate differences among treatments in TP,  
θv, and SSI. When significant differences among treatments appear, the 
individual means were separated using the Tukey test.  
 
3.4.3. Results and discussion 
 
 Some soil properties are shown in Table 3.4.1. It can be seen the high 
organic matter in Ah and BA horizons, and the prevalence of humic acid  in the 
Ah horizon.  Soil water retention was in agreement with clay content, which 
increases from surface to the Btk horizon.  
 Soil mineralogical analysis showed that the percentage of swelling 
material (smectite or irregular interstratified swelling) in the clay fraction peaks in 
the Ah and BA horizons, although does not exceed 50 %. Then, it descends at 
depth as shown by X – ray diffractograms (Figure 3.4.1). The interpretation of X – 
ray diffractograms reveals that clear smectitic reflections only appear in the BA 
horizon.  In the below lying horizons, soil minerals are only minor reflections, 
which can not be clearly identified because of little definition and low abundance. 
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These kind of reflections undergo slight displacements during salvation, which 
can be likely ascribed to interstratified swelling complexes of uncertain nature. On 
the contrary, in surface horizons the reflections attributable to interstratified 
minerals are markedly displaced during solvation.  The illite, the mineral of more 
crystalline perfection, is the dominant clay species throughout the profile. In all 
horizons are detected small reflections in the 0.713 nm space, which disappear 
after calcination.  This is likely due to the presence of clay minerals of the 
kaolinitic group.   
 The variations in δb were highly correlated to those of θw in the three 
studied horizons.(Ah, BA and Bt). In the Ah horizon, for which the number of 
points was higher, soil δb varied within a wide range (0.48 to 1.26 Mg m-3) for a 
water content range of 69.8 to 12.4 %w, respectively, in both the ungrazed and 
grazed areas (Figure 3.1.4). A 2nd polynomial function was fitted between both 
functions. This fitted relationship was similar to other found by Fox (1964 a) in a 
Vertisol. In the drier portion of the curve the dispersion of the scatter of points is 
greater. Similar dispersion was obtained by Berndt and Coughlan (1977) in other 
Vertisol. In the BA and Bt horizons, in change, soil δb varied within a twofold 
variation range (0.74 to 1.45 Mg m-3, and 0.79 to 1.42 Mg m-3, respectively). In 
both cases linear and highly significant functions were fitted (Figure 3.4.1). 
 Following a similar criterion to other proposed by Perrier et al. (1959), the  
δb of each horizon was adjusted at a constant water content (- 33.3 kPa water 
retention), using the fitted functions (Figures 3.4.2 and 3.4.3). Soil δb adjusted in 
the Ah and BA horizons was in agreement, respectively, with the high organic 
matter content of these horizons (De Kimpe et al. 1982) and the high clay content 
(Reeve et al. 1973). In the BA horizon the adjusted δb was higher, which was 
likely due to its lower organic matter and clay content.  
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Soil volume changes take place at expenses of pore space (Newman and 
Thomasson 1979). Soil TP fluctuated during the study period from 53.2 %v (dry 
soil) to 78.8 %v (ponded soil). Soil was ponded in six sampling dates. Soil TP 
values determined in such dates  different significantly among dates (Table 
3.4.2). In 1984, after a dry year, TP values were significantly lower than those in 
1985 and 1986, both of them with successive floodings. These porosity variations 
seemed to be associated with the repetition of floodings. This can be explained 
from the remolding action of animal hooves, which is enhanced by the weakening 
of soil structure (Taboada and Lavado 1988).  
The fluctuations in the θv / TP quotient indicate that, despite the soil was 
ponded, its pore space was far from being full of water. The presence of air 
trapped within soil pores decreases the time required to reach soil water 
saturation (Fayer and Hillel 1986). In addition, soil infiltration becomes null when 
soil swells (Giráldez and Sposito 1985). The low infiltration rate measured in the 
field (0.19 mm h-1) can be then ascribed to both factors. Taking into account that 
the mineralogy of the study soil does not differ significantly from that oo others in 
the region (Lavado and Camilión 1984), results here obtained could explain in 
part the deficient drainage conditions of flooding Pampa soils (Instituto Nacional 
de Tecnología Agropecuaria 1977).  
Interesting to note, despite the upper (liquid) limit was exceeded in the Ah 
horizon (Table 3.4.1), it was never observed the soil mass to flux freely. The high 
organic matter content of this horizon, which is largely composed by humic acids 
(Table 3.4.1) and its important grass root biomass (Doll and Deregibus 1986), 
would play a major role in the lack of liquid flux of soil during ponding. Both 
components –soil organic matter and grass roots- are cementing agents between 
soil particles (Oades 1984).  
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Another evidence of soil welling and shrinking mechanisms was brought 
about soil SSI (Table 3.4.3). In the case of undisturbed soil samples, SSI values 
were equivalent to δb variations within the same θw variation range (Figures 3.4.2 
and 3.4.3). The check soil samples showed significantly higher SSI, but its 
magnitude was in agreement with their clay contents of each horizon. Soil SSI 
was significantly (P < 0.05) higher in the +H2O2 than in the check treatment. It is 
likely that soil organic matter, because of its cementing action (Oades 1984), 
restricts volume changes in soil. Soil SSI in the +CaCl2 treatment did not differ 
from that in the check treatment, while SSI was the highest in the +NaCl 
treatment. Soil volume changes took place at SAR > 8. The study soil varies 
episodically its sodicity, by SAR fluctuations from 2.8 to 18.8 (Lavado and 
Taboada 1988). It can be then stated that its SSI is modified by Na at a current 
SAR value. This indicates that, at less from this point of view, the soil was 
affected by lower sodium levels than the classically established SAR = 15 value.  
 
3.4.4. Conclusions  
 
 Results here obtained show the occurrence of great soil volume changes 
because of swelling and shrinking mechanisms. In this kind of soils the utilization 
of bulk density as a soil porosity parameter must take into account the adjustment 
at constant water content. The evidence of volume changes is interesting to note, 
as most literature considers this phenomena rather proper of vertisolic soils. The 
mineralogical analysis reveals that the study soil has certain proportion of 
swelling clays, but is very far from having defined vertic features. Its volume 
changes are influenced by the extreme hydric regime , and the presence of 
exchangeable Na. Soil organic matter has a role opposed to soil volume 
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changes. These results must be taking into account when studying the soil water 
dynamics in the region.    
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Table 3.4.1. Soil organic carbon (org C), humic acids (HA) and fulvic acids (FA), total clay and estimated proportion of expansible clay 
contents. Soil water retention at – 33.3 kPa matric potential (θw -33.3 kPa), upper plastic limit (UPL) and lower plastic limit (LPI) and 
plasticity index in the study soil. 
Horizons
org 
C  HA FA 
θw at -33.3 
kPa Clay
Expansible 
clay UPI LPI 
Plasticity 
index 
  
(% 
w) 
(% org 
C) 
(% org 
C) (% w) 
(% 
w) (% clay) (% w) 
Ah 3,53 0,42 0,25 29,9 22,8 30 - 50 25,7 32,9 7,2 
BA 1,64 - - 32 24 30 - 50 - - - 
Bt 0,88 - - 38 34 10 - 30 - - - 
Btk 0,67 - - 57,3 59,7 10 - 30 - - - 
BCkm1 0,27 - - 38,8 29,1 10 - 30 - - - 
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Tabla 3.4.2. Soil pore volume, volumetric water content (θv), and pore volume to 
water content volume quotient, in sampling dates with ponding. 
 1984 1985 
  July Aug Nov Aug Oct Apr 
Pore volume 
(%v) 68,8 a 65,2 a 64,5 a 78,7 c 70,8 b 69,7 b 
θv 41,5 a 41,4 a 41,7 a 36,8 a 39 a 38,7 a 
θv / Pore 
volume 0,62 0,63 0,64 0,47 0,55 0,56 
The means with different letters are significantly different among them at the 5 % 
probability level. 
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Table 3.4.3. Mean swell – shrink indices (SSI) in undisturbed and disturbed 
samples and SAR values in which SSI was measured.  
  check H2O2 CaCl2 NaCl 
  (%) (%) SAR (%) SAR (%) SAR (%) SAR
Ah 11,4 20,9 a 8,7 24,9 b 8,7 23,1 a 1 30,4 c 13,4
BA 10,9 20,7 12,1 - - - - - - 
Bt - 33,1 19,4 - - - - - - 
BTk - 47,5 32,8 - - - - - - 
BCkm1 - 36,5 28,9 - - - - - - 
The means of the Ah horizon with different letters are significantly different at the  
5 % probability level.
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Figure 3.4.1. X – ray diffractogram of oriented clays of soil. a) air dry natural   
subsamples; b) etylenglikol saturated subsamples. All number are in nm. 
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Figure 3.4.2.  Soil water content – bulk density relationship in the Ah horizon. *** = 
Coefficient of determination significant at 0.001 probability level. 
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Figure 3.4.3.  Soil water content – bulk density relationship in the BA and 
Bt horizon. *** = Coefficient of determination significant at 0.001 probability 
level.  
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3.5. Grazing effects of the bulk density in a Natraquoll 
 
3.5.1. Introduction 
 
Flooding Pampa soils remain saturated  and ponded most years from winter 
to late spring and exceptionally autumn; they are dry in some summers.  Floods and 
droughts sometimes follow each other.  Cattle remain over the field all year, 
including those periods when soil is very wet.  Trampling in those conditions is 
usually considered a severe damage factor in surface structure of grassland soils 
(Davies 1985, Scholefield and Hall 1986). 
Trampling by cattle is reported by the literature as causing increases in bulk 
density by compaction in the soil surface (Heady 1975, Lull 1959, Van Haveren 
1983, Warren et al. 1986, Willat and Pullar 1983).  Nevertheless some results in 
disagreement with this opinion.  Laycock and Conrad (1967) found that some 
increases in bulk density may be ascribed to the lower water content that grazed 
soils usually have (Gifford and Hawkins 1978); Van Haveren (1983) showed that not 
all soils may be compacted by trampling because of  the high sand content of some 
soils; and Logocki (1978) even found that bulk density decreased when trampling 
was performed on a soil with high water table.  Another subject under controversy is 
the time required for the recovery of soil structure, as measured by the decrease of 
bulk density after compaction.  For example, Braunack and Walter (1985) found long 
periods for recovery, while Warren et al. (1986) showed that shorter terms were 
required. 
The factors causing these differences are obviously related to different soil 
properties.  They make it difficult to transfer results from one site to another.  In the 
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case of the Flooding Pampa, despite the economic importance of grazing, local 
literature is very scarce.  Rusch and Leon (1983), for instance, attributed changes in 
the floristic composition of a natural grassland to soil compaction by trampling. 
 Bulk density is a commonly used parameter of soil porosity, giving an 
effective indication of the compaction – regeneration processes (Bullock et al. 1985). 
The objective of this study was to evaluate the effects of cattle grazing upon soil bulk 
density in the Flooding Pampa region of Argentina. The implications for stock 
management are also considered. 
 
3.5.2. Materials and Methods 
 
Study Area 
 
In the period under study (from October 1983 to July 1986) floods submerged 
the soils with a few centimetres of water in winter-spring 1984 and 1985 and in 
autumn 1986.  There were no floods in 1983. 
Dominant soil is a typic Natraquoll, General Guido series, moderately saline 
phases.  Its A horizon has a high swell-shrink capacity as its clay fraction has 30 to 
50% of smectitic materials, causing bulk density to fluctuate with changes in soil 
water content.  Taboada et al (1988) related soil bulk density to moister content by 
the functions fitted in Chapter 3.4 (see Figure 3.1.4). 
 
Sampling and Analysis  
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Sampling was carried out in the A1 horizon.  Five undisturbed soil cores (9cm 
in diameter and 10 cm in depth) were taken at random for each treatment on 22 
dates during the period under study.  Sampling was performed carefully because of 
the extreme soil water content found along the time in each core.  Bulk density was 
determined by the core method (Blake 1965) and gravimetric soil water content by 
the oven-dry method.  Volumetric soil water content (θv) was calculated from them.  
The depth affected by animal hooves was evaluated by additional bulk density 
samples taken at the 1 - 4, 4 - 8 and 8 - 12 cm depths of the A1 horizons using 6 cm 
diameter and 4 cm depth cores.  Five samples were taken at random from each 
treatment in November 1984 and June 1985.   
In order to separate the effect of compaction by animal hooves from that 
caused by decreases in soil water content (Laycock and Conrad 1967), measured 
values of bulk density were adjusted to fixed soil water content (Perrier et al, 1959).  
In this case bulk density was standardized at =33.3 kilo Pascal (kPa) of water 
retention (29.96% in this horizon), by means of the slopes of equation [1].  This 
procedure was judge to be reliable because of the very high and statistically 
significant (α ≤0.001) correlation coefficient found for equation [1].   
Soil surface strength was measured in September, November, and 
December 1984, using a Proctor penetrometer (Davidson 1965).  In each month, 20 
measurements were performed following a zig - zag path over uncovered soil 
surfaces in each treatment. 
Results were statistically appraised by analysis of variances (ANOVA).  When 
significant differences in BD were found between dates, the Tukey test was used to 
separate the means. 
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3.5.3. Results and Discussion 
 
Volumetric water content and bulk density at -33.3 kPa in the A1 horizon are 
shown in Figure 3.5.1.  Flood periods are also included. 
Mean θv ranged from 17.06 to 40.79% in the ungrazed soil, and from 19.09 to 
42.44% in the grazed soil.  Only in the first summer of the studied period (November 
1983 to January 1984) was soil dry.  The rest of the time it remained with moderate 
to very high water content.  According to Scholefield and Hall (1985), under these 
conditions soil surface damage by cattle trampling is likely to occur. 
Mean δb ranged from  1.00 to 1.11 Mg m-3 in the soil of enclosure where cattle 
were removed from 1976, and from 1.04 to 1.16 Mg m-3 in the soil under grazing.  
These values were somewhat low, but consistent (De Kimpe et al. 1982) with the 
high organic carbon content of the A1 horizon.  Different behaviour was observed in 
δb with time in both treatments.  In the ungrazed soil there were lower and significant 
values on 3 dates (November 1983, January and December 1985).  They were 
reached after the soil underwent great loss of water as its θv showed a sudden fall 
from a previous very wet condition (it was saturated with water in 1983 and flooded 
both in 1984 and 1985).  The sudden decreases in soil water content seemed to be 
associated with th parallel decreases in δb.  This relationship cannot be explained 
easily, and further research is needed; but the sequence of events after autumn 
1986 flood provides indirect evidence of the active role of the sudden falls in water 
content.  After the flood water receded, there was no decrease in volumetric water 
content at winter began.  Presumably, as a result, δb  did not decrease either.  The 
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grazed soil did not show significant decreases in δb  with time, despite its water 
content behaving similarly to that of the ungrazed soil. 
Only in some dates (for instance November 1984, September and June 
1985) were processes of compaction reported by most of the literature (Heady 1975, 
Lull 1959, Van Haveren 1983; Warren et al. 1986, Willat and Pullar 1983).  These 
processes were reflected by slight increase in δb in the grazed soil, which appeared 
after the receding of the flood water.  Soil compaction by cattle trampling was also 
verified by measurement of soil surface strength (Table 3.5.1).  Approximately two-
fold increases were observed in the grazed soil as compared to the ungrazed.  On 
the other hand, a highly significant decrease of soil strength occurred in the soil 
under grazing from September 1984, when a flood just ended, to November 1984.  
The loss of soil strength was not attributable to differences in water content between 
dates (Figure 3.5.1), but probably to a process of mellowing or softening of soil 
structure (McKenzie and Dexter 1985, Utomo and Dexter 1981).  The process 
consists in partial slaking of soil aggregates which weaken but do not completely 
fragment into smaller particles.  It takes place after the soil is carried to very high 
content, as occurred in this study after flooding.  Besides, soil softening at surface is 
largely enhanced by the recommending action of animal hooves, thus reflecting the 
failure of wet soil to accommodate a load (Muller and Fraser 1980).  Both 
mechanisms-soil mellowing and remoulding by trampling – may be pointed out as 
the direct causes of the compaction found in the grazed soil after flooding.  
Interesting to note, no flood occurred in 1983 and soil δb did not increase under 
grazing.  This lack of difference between treatments was maintained for several 
months, until the recession of the next flood. 
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The significant decrease in δb in the soil of the ungrazed enclosure was the 
other source of differences between treatments.  In this case the effect of trampling 
would mainly of impeding these decreases during the sudden falls in water content.  
On the other hand no significant differences in δb were found while the soil remained 
submerged by water.  This accords with results of Saini et al. (1984), who found that 
soil compactability under a given load tends to decrease at the highest water 
content, and subsequent increase in bulk density are unlikely as occur. 
Periods with differences in δb never lasted for than a few months, being 
shorter than those long-time processes shown by Braunack and Walter (1985).  The 
cycles of wetting and drying of those soil probably played an active role in the 
recovery of porosity (Bullock et al. 1985, Newman and Thomasson 1979, Oades 
1984), but the disappearance of differences in δb seemed to be more specifically 
related to the soil rewetting after the summer (Figure 3.5.1).  In addition, several 
properties of this soil that maximize the aggregation of soil particles (Oades 1984) 
would prevent deleterious effects due to the kind of land-use: its unploughed 
condition, its very high content of organic carbon, and according to Doll and 
Deregibus (1986), the great amount of below-ground biomass concentrated in A1 
horizon. 
Bulk density in 4-cm layers of the A1 horizon is shown in Table 3.5.2. In 
November 1984, when δb of the whole A1 horizon showed significant differences 
between treatments (Figure 3.5.1), they appeared only in the 0 - 4 and 4 - 8 cm 
layers.  In June 1985 when there were no differences, none of A1 horizon layers 
presented differences in δb either.  Trampling influence occurred, then, within the firs 
8 centimetres of soil depth.  
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3.5.4. Conclusions 
 
The environmental conditions of the Flooding Pampa, particularly its floods 
and the water regimes of its soils, were associated with variation in soil bulk density 
and were shown to be the main cause for the lack of severe on long-term damage by 
cattle trampling.  It is difficult to attribute to soil compaction a major influence on the 
floristic composition of this natural grassland community.  Other already observed 
modifications in soil properties (Lavado and Taboada, 1987) could be more 
important. 
The results showed that the variation in δb caused by cattle trampling were 
superimposed on those produce by climatic and soil characteristics.  There were 
times when grazing effects were detectable, but for a longer time frame, grazing 
effects completely overridden by inherent characteristics operating in the Flooding 
Pampa.  This finding may be applicable in selecting grazing systems appropriate for 
flooding soils; stocking rates must be regulated in periods when it is expected that 
trampling may affect the soil. 
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Table 3.5.1.  Soil surface strength as measured by the penetrometer in 1984. 
 
 Mean Soil Strength 
(kPa) 
Dates Ungrazed Grazed 
September  450** 940 
November 470** 690 
December 3710** 6440 
  **Differences between mean values are significant at the 0.01 probably level. 
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Table 3.5.2.  Bulk density in 4-cm layers of the A1 horizon. 
  Mean Bulk Density (Mg 
m-3 ) 
Dates Layers 
(cm) 
Ungrazed Grazed 
 0-4 0.96* 1.00 
Nov. 1984 4-8 1.20* 1.29 
 8-12 1.28 1.30 
    
 0-4 0.97 0.99 
June 1985 4-8 1.23 1.24 
 8-12 1.20 1.28 
**Differences between mean values are significant at the 0.05 probably level. 
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Figure 3.5.1. Bulk density at -33.3 kPa water retention and volumetric soil water 
content in the A1 horizon, and floods during the studied period. Statisitical 
differences between dates are indicated by “a”  (0.05 probability level) and between 
treatments by a * or by a ** (0.05 and 0.01 probability levels respectively).    
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3.6. Influence of cattle trampling on soil porosity  under alternate dry and 
ponded conditions. 
 
3.6.1. Introduction 
 
 Trampling often causes a decrease in porosity in grassland topsoils 
(Mulholland and Fullen 1991, Taboada and Lavado 1988; Warren et al. 1986) 
because of the stress caused by animal hooves. However, knowledge of how 
different pore sizes are affected by trampling is limited. Soil macroporosity is more 
affected by trampling than total porosity (Beckman and Smith1974,  Braunack and 
Walker 1985; Mulholland and Fullen 1991). The lower size limit of macropores is 
defined as 30 μm diameter (Hamblin 1985), but studies of the influence of trampling 
seldom reach this limit.   
 The magnitude of the stress caused by animal hoof impact mainly depends 
on soil water content (Mulholland and Fullen 1991,Warren et al. 1986). When soil of 
low to medium water content is trampled, the main process is compression beneath 
the hoof (Scholefield et al. 1985). This collapses the larger soil pores by the 
mechanical disruption of aggregates (Beckman and Smith 1974; Warren et al.,1986). 
When wetter soil is trampled there is plastic flow around the hoof (Mullins and Fraser 
1980,  Scholefield et al. 1985). Repeated treading in these conditions produces deep 
hoof-prints, which damage the sward (Davies 1985; Mullins and Fraser 1980, 
Scholefield and Hall 1986). This effect (poaching) generally coincides with the 
presence of free surface water (Mulholland and Fullen 1991), and creates dense, 
unstable surface clods (Warren et al. 1986). Previously damaged soil pores can be 
regenerated, however, during wetting-drying cycles. This depends on soil 
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shrink-swell (Dexter 1988), provided the externally applied stress is decreased or 
removed (Kay 1990). The regeneration mechanism depends on formation of 
microcracks, as a compacted soil layer dries (Dexter 1988). Briggs (quoted by Davies, 
1985) noted recovery of poached grassland during dry periods.  
 From May to November flooding Pampa.soils usually have excess water, 
which often accumulates in lower areas causing surface ponding to depths of 5 - 20 
cm. Rapid soil drying occurs during the summer (Lavado and Taboada 1988). Cattle 
graze the natural grassland all year round. Stocking rates are low, but the continuous 
trampling increases significantly soil bulk density (Rubio and Lavado 1990, Taboada 
and Lavado 1988). This chapter reports the impact of cattle trampling on the porosity 
of a representative soil (Typic Natraquoll) of this region. The soil was expected to 
undergo cyclic porosity variations, because of macropore destruction by trampling 
when wet and macropore regeneration as the soil dries in summer.  
 
 
3.6.2. Materials and methods 
 
Sampling and analysis 
 
 Five undisturbed soil samples per treatment were taken at random from the 
Ah horizon 11 times from November 1984 to June 1986. They were collected using 
large cores (9 cm diameter, 10 cm length) to minimize disturbance. Soil total porosity 
(TP) was calculated from particle density (obtained by picnometer) and bulk density 
(obtained by the core method) (Vomocil, 1965). The gravimetric water content (θg) 
was determined by oven-drying. In December 1986 (summer) and July 1987 (winter) 
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soil was sampled to determine both macropore size distribution and aggregate 
stability. The size distribution of pores (diameter > 30 µm) was determined by water 
desorption (Vomocil, 1965) in three undisturbed samples (0-5 cm). This method 
works well for the macropores (Lawrence, 1977). Results were standardized by linear 
interpolation for 30-60 μm, 60-100 μm and > 100 μm pore sizes. The stability of 
aggregates up to 8 mm across was determined by wet-sieving, using a Yoder type 
machine through a nest of sieves with of 4.80, 3.36, 2.00, 1.00, 0.50 and 0.30 mm 
neshes (Kemper and Chepil, 1965). The wet-sieved aggregates were oven-dried, 
and the mean weight diameters (MWD) were then calculated from the weights of dry 
aggregates in each size class.  
    
 
3.6.3. Results 
 
Soil water content and total porosity variations 
 
 Figure 3.6.1 shows changes in soil water content and total porosity during the 
study. As usual in the area (Lavado and Taboada,1988), the soil alternated between 
moderately dry and waterlogged conditions. This caused highly significant (P ≤ 0.001) 
θw fluctuations in both the ungrazed (from 24 to 47%) and the grazed (from 20 to 65%) 
areas. Soil water content was essentially the same in both treatments with no 
significant differences on 8 of the 11 sampling dates (Figure  3.6.1a). 
 
 Particle density was similar in both treatments, i.e. 2.55 and 2.51 Mg m-3 for 
the enclosed and grazed areas, respectively. Soil total porosity did not vary 
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significantly (P ≤ 0.14) in the enclosed  area (58-64% by volume), but did vary 
significantly (P ≤ 0.01) in the grazed area from 53 to 78% (Figure 3.6.3.1b). The large 
TP values agree with other studies in this area (Taboada et al. 1988). Except for two 
sampling dates (January and April 1985), significant differences in total porosity (TP) 
coincided with significant differences in water content (θw). Moreover, linear 
regression analysis showed that θg accounted for 74% (enclosed) and 92% (grazed) 
of the variation in TP (Table 3.6.1). The fitted straight lines differed significantly 
between treatments (F= 6.9; P ≤ 0.01). This was caused by a significantly greater 
slope in the grazed plot (P ≤ 0.01), as intercepts did not differ significantly between 
treatments (P ≤ 0.60) (Table 3.6.1). This means that TP was more responsive to θw 
under grazing.   
  
Macropore size distribution and aggregate stability 
 
 The soil was moderately dry in December 1986 (mean θw = 18.7%) and moist 
in July 1987 (mean θw = 31.7%). This well represents the moisture conditions 
occurring in the summer and the winter in this region. Pores in the range 30 - 100 μm 
accounted for 78-92% of macroporosity (Figure 3.6.2). This size range probably 
corresponds to voids between microaggregates (Dexter 1988) forming as the soil 
dries. In the enclosed area macroporosity was significantly greater in summer than in 
winter, mainly because of increases in the 60-100 µm and >100 μm pores, but in the 
grazed area macroporosity was less in summer than winter, mainly because of 
decreases in the 30 - 60 μm and 60 - 100 μm pores. The process of soil swelling from 
summer to winter increased the macropores in all three size ranges in the grazed 
area, but none of those in the enclosed area. This behaviour accounts for the greater 
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slope of the TP vs θw relationship in the grazed area (Table 3.6.1). The stability of 
aggregates was also significantly greater in the ungrazed area in summer, but in 
winter in the grazed area (Table 3.6.2).  
3.6.4. Discussion 
 
 Soil water content was the primary cause of changes in total porosity (Table 
3.6.1). As found by Taboada et al. (1988), this reflects shrink-swell processes. 
Trampling of grazing animals has been found to create well developed cracks, 
because of the damage of topsoil structure (Fox 1964, Reid and Parkinson 1984). 
However, in the soil we studied no cracks were seen at any time. Scholefield et al 
(1985) observed a decrease in the shrinkage of soils subjected to compression, but 
the compression caused by animals did not change the degree of shrinkage of this 
soil. This is shown by the similar intercepts of the TP vs θw regressions in both 
treatments (Table 3.6.1). Conversely, trampling accentuated soil swelling, as shown 
by the significantly greater slope of the regression under grazing (Table 3.6.1).  
 Total soil porosity was significantly less under grazing on three of the 11 
dates. In February 1986 this coincided with a significantly lower soil water content 
(Fig. 3.6.1). Regression results (Table 3.6.1) suggest that this porosity difference 
resulted from shrinkage caused by greater desiccation under grazing. Similar results 
were found by Laycock and Conrad (1967). On the other two dates (January and 
April 1985), soil water content was not statistically different between treatments. The 
lower porosity in the grazed area was therefore probably a response to compaction 
by trampling. Support for this is given by the significantly less macroporosity under 
grazing in December 1986 (Fig. 3.4.3.2). In this moderately dry summer, trampling 
preferentially damaged the larger macropores (> 60 μm). This result is similar to the 
 
 
 116
 
collapse of pores > 100 µm by trampling recorded by Beckman and Smith (1974) and 
Braunack and Walker (1985). The decrease in total porosity at our site occurred 
when the soil was fairly dry (Fig. 3.6.1); trampling then collapsed air-filled 
macropores.  
 The persistence of larger pores depends on the stability of aggregates. The 
macropore collapse caused by trampling was accompanied by a decrease in size of 
aggregates (Table 3.6.2), showing that dry-trampling can disrupt topsoil aggregates, 
as suggested by Warren et al. (1986). 
 
 Because of the continuous trampling by cattle, the applied stress never 
ceased during the study period. Despite this, soil pores damaged in summer were 
regenerated during the subsequent period of surface ponding, when the soil swelled 
and both total porosity and macroporosity > 30 µm increased significantly in the 
grazed area (Figure 3.6.1b and 3.6.2). Soil swelling as a result of trampling was also 
found by Mulholland and Fullen (1991), Mullins and Fraser (1980) and  Scholefield 
and Hall (1986). The regeneration of pores could be related to the appearance of 
microcracks (Dexter 1988), which are induced by air entrapment when the surface is 
ponded. Parker et al. (1977) suggested that the magnitude of volume change on 
swelling can be increased by compaction and disruption of aggregates. In our soil 
pore damage by trampling during the summer could have led to the increased soil 
expansion when it rewetted in winter.       
 There was no evidence of poaching damage to the sward. Trampling did not 
form deep hoof-prints, and instead of creating dense, unstable surface clods (Warren 
et al. 1986), trampling caused a slight increase in the size of water-stable aggregates 
from summer to winter. According to Scholefield and Hall (1986), poaching occurs 
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only after the progressive loss of soil strength caused by repeated treading. At our 
site the low stocking rate was probably insufficient to create this repeated stress. 
3.6.5. Conclusions 
 
 Soil water content was the primary cause of changes in total porosity, 
because of shrink-swell processes. Contrary to what was expected, trampling caused 
macropores larger than 60 µm to collapse and decreased the size of water-stable 
aggregates in dry soil. Because of this collapse and the greater shrinkage, the soil 
under grazing tended to have significantly less total porosity during summer than 
during winter. The damaged soil pores and the aggregates both increased in size 
some months later, during the period of surface ponding. Trampling accentuated soil 
swelling during these periods, and no poaching damage was observed.  
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Table 3.6.1: Linear regressions between soil water content and total porosity. Standard 
errors are in parentheses. 
             
 Intercept Slope freedom 
degrees 
R2 
Old enclosure 0.480 
(0.021) 
0.384 
(0.034) 
44 0.74*** 
 
Grazed area 0.425 
(0.022) 
0.519 
(0.022) 
47 0.92*** 
*** coefficients of determination (R2) were significant at the 0.001 probability level.   
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Table 3.6.2: Aggregate mean weight diameter after wet-sieving in summer (December 
1986) and winter (July 1987). 
 
 Aggregate mean weight diameter [mm] 
 Old enclosure Grazed area 
 mean s.e. mean s.e. 
Summer 5.347 0.001 4.576 0.171 
Winter 5.004 0.002 5.127 0.003 
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Figure 3.6.1. Variation of soil water content (a) and total porosity  (b) during the study. 
Least significant differences between treatments (P ≤ 0.05) are represented by bars.   
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Figure 3.6.2. Soil macroporosity in the 30-60 µm, 60-100 µm and > 100 µm size 
ranges in summer (December 1986) and winter (July 1987). Standard errors of the 
means are represented by bars.  
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3.7. Interactive effects of exchangeable sodium and water content on soil 
modulus of rupture 
 
3.7.1. Introduction 
 
The excess of exchangeable sodium, currently measured either by 
exchangeable sodium percentage (ESP) or by Sodium Adsorption Ratio (SAR= Na+ 
/ (Ca2+ + Mg2+)1/2), unstabilizes soil aggregates which in turn can slake and disperse 
under fast wetting (Sumner 1993). Soil dispersion reduces infiltration and affects soil 
water redistribution, which usually results in surface waterlogging (So and Aylmore 
1993). When soil dries rapidly, usually during summer, a hardsetting surface can be 
developed in loamy soils with high silt and sand contents  and low levels of organic 
matter (Mullins et al. 1987, So and Aylmore 1993, Sumner 1993). It does not seem to 
be clear is whether hardsetting behaviour can be caused by clays that spontaneously 
disperse or by clays that only disperse with mechanical energy inputs (Sumner 1993). 
The hardsetting behavior severely restricts soil workability, plant establishment, 
growth and yield (Gupta and Abrol 1990). The strength of dry aggregates can be 
predicted by their modulus of rupture (MOR) (Hallmark and Smeck 1979).  
 
 The magnitude of soil compaction, due to the application of any load, is 
strongly dependent on soil water content (θw) during loading (Gupta and Allmaras 
1987). Soil susceptibility to any external stress is enhanced by  the prevalence of 
sodium in the soil exchangeable complex (Mc Kenzie et al. 1993). This happens in 
sodic soils of wet areas of Argentina covered by grasslands, which are mostly grazed 
by cattle (Lavado and Taboada 1988). In Natraquolls the deterioration of topsoil 
macropores by trampling does not occur when the soil is water saturated but when it 
is moist or dry (Taboada and Lavado 1993). This also results in a hardsetting surface 
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when the soil dries in summer (Taboada and Taboada 1988). It can be assumed that 
an adult cow imposes a static normal 400 kPa load over soil surface (Scholefield and 
Hall 1986). Mc Kenzie et al. (1993) observed that the risk of dispersion increases 
when an external force is applied to a wet sodic soil. This results in very hard dry 
aggregates, characterized by their high MOR (So and Aylmore 1993, Sumner 1993). 
Despite the significant influence that both factors, exchangeable sodium and soil 
water content, individually exert during a given applied load, their interactive effects 
were scarcely mentioned. This short communication reports results on the effect of 
the interaction between exchangeable sodium and water content on soil hardsetting 
detected by measurements of MOR. The occurrence of synergism between both 
factors was hypothesized.  
 
3.7.2. Materials and methods 
 
Thirty soil cores (10 cm length, 9 cm diameter) were taken from the Ah horizon 
of a General Guido Series Typic Natraquoll, at the center of the Flooding Pampa of 
Argentina (36° 30'S, 58° 30'W). The soil was never plowed and has a fine subangular 
blocky structure, and its particle size distribution is sand (250 - 50 µm) 24.0% by 
weight, silt (50-2 µm) 53.2% and clay (< 2µm) 22.8%. The soil organic matter content 
is 6.6% and the pH (paste) 6.6. The SAR fluctuates most time around 8, but 
increasing threefold during short salt pulses at the end of spring-beginning of summer 
(Lavado and Taboada 1988). 
 
   After their complete moistening at saturation by capillarity with distilled, boiled 
water, the cores were subdivided in five equal (n= 6) groups. Sodium Adsorption 
Ratios of 1, 7, 15, 30 and 50 were reached in each group, by leaching the cores with 
solutions of the same electrolytic concentration (10 g L-1) but different proportion of 
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NaCl and CaCl2. Six cores per group were treated as follow: a) two cores were loaded 
at saturation by a 400 kPa load (Scholefield and Hall 1986), normally applied using a 
penetrometer probe of 6.45 cm2 surface area, b) two were loaded after their air drying 
to field capacity (30.0 % by weight) and c) the remaining two were unloaded (Control). 
The soil in all cores was air dried and five aggregates, 2 cm diameter, taken from their 
loaded face. The MOR of these aggregates was determined using the technique 
developed by Hallmark and Smeck (1979). Results were statistically analyzed by 
ANOVA, and the significantly different means separated by the Duncan test. 
 
3.7.3. Results and discussion 
 
Soil MOR increased significantly in the unloaded treatment as soil sodicity 
increased according to SAR 1 = SAR 7 < SAR 15 = SAR 30 < SAR 50 (Fig. 1). Taking 
into account that no previous load was applied to these dry aggregates, this strength 
increase was only caused by the prevalence of exchangeable sodium within the soil 
exchangeable complex (Aly and Letey 1990, So and Aylmore 1993). Similar strength 
increases were observed in the field, when soils of this area reach their maximum 
ESP at end of spring-beginning of summer (Lavado and Taboada 1988, Taboada and 
Lavado 1988). Despite the high organic matter level (6.6 % by weight) in the studied 
soil, MOR values found here (from 6.48 to 10.40 MPa) were higher than those found 
for Australian hardsetting soils (So and Aylmore 1993, Sumner 1993). This indicates 
that hardsetting behaviour could be also found in soils with high organic matter levels. 
 
 
  Both studied factors -SAR and θw-  interacted significantly (F ratio= 4.56; α < 
0.002) during the applied load. However, this interaction was not synergistic, as early 
hypothesized. In the treatment at saturation, soil MOR variations with SAR were 
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statistically similar to those in the Control treatment (Figure 3.7.1). Therefore, when 
the soil was loaded at saturation the effect of exchangeable sodium also prevailed. 
This shows that the hardsetting behaviour of this soil was caused by clay that 
disperse without mechanical energy inputs (Mullins et al. 1990, Sumner 1993). 
Several authors found that the maximum soil strength is not reached when a soil is 
loaded at saturation, but at intermediate water contents (see Gupta and Allmaras 
1987). This intermediate situation can be represented in the present study by the 
treatment at field capacity (Fig. 3.7.1). Contrary to any expectation, soil MOR only 
increased from SAR 1 to SAR 7, remaining stable at higher SAR values. As a 
consequence, dry aggregate strengths were significantly lower than those observed 
in the other two treatments (from 4.68 to 7.63 MPa).  Salih and Maulood (1988) 
ascribed decreases in soil MOR to the appearance of fine microcracks because of 
exogenous effects. Although we have no direct evidences of microcracking, the 
occurrence of this process can be also considered in the present situation. So and 
Aylmore (1993) found that exchangeable sodium causes correlative and linear MOR 
increases for a given soil. Instead of this, a relative loosening process occurred above 
the threshold SAR of 7 when the studied Natraquoll was loaded at field capacity.  
 
 The threshold above which exchangeable sodium negatively affects soil 
properties varies greatly for different soils. Considering the factors affecting the 
dispersion of soil colloids, there is no one level of ESP which could be regarded as 
critical (Mc Kenzie et al. 1993). For instance, threshold levels ranging from ESP= 2 to 
ESP= 30 were mentioned (Sumner 1993). Our results indicate that soil water content 
during loading would be an additional factor to be taken into account when attempting 
to establish this threshold level for grazing management. Soil loading at saturation 
behaved as the unloaded soil. In such cases, the effect of exchangeable Na prevailed 
and soil MOR increased steadily (Fig. 3.7.1). A similar lack of soil physical damage 
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because of trampling a water-saturated soil was also found in the field by Taboada 
and Lavado (1993). Soil loading at field capacity prevented MOR increases, above 
the threshold of SAR > 7. As a consequence, an attenuation of hardsetting behavior 
can be expected if the studied soil would be trampled in field moist conditions. The 
interaction between the influence of exchangeable sodium and water content during 
loading was not synergistic. Therefore, the proposed hypothesis is rejected.  
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Figure 3.7.1. Modulus of rupture of dry aggregates as a function of sodium adsorption ratio 
(SAR) in unloaded (control), loaded at saturation and loaded at field capacity treatments. 
Different letters indicate significant differences at the 5 % probability level (Duncan test). 
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3.8. Structural stability changes in a grazed grassland Natraquoll 
 
3.8.1. Introduction 
 
 Grazing often causes decreases in structural stability associated with 
detrimental effects on soil macroporosity and water infiltration. Warren et al. 
(1986) reported that for soils that were grazed when wet,  the stability decreases. 
This leads to the formation of large unstable clods through the remolding action 
of cattle hooves. For soils trampled when dry, structural deterioration results from 
the mechanical disruption caused by the impact of animal hooves. This leads to 
the prevalence of smaller aggregates in  the upper horizons (Warren et al. 1986). 
Structural recovery  may fluctuate from months (Warren et al. 1986) to several 
years (Braunack and Walker 1985). Structural stability of soils with different 
textures was generally found to decrease when the soil was wet (Gerard 1987, 
Perfect et al. 1990). High amounts of exchangeable sodium also destabilize soil 
aggregates,  which in turn can lead to slaking and dispersion when wetted 
(Suarez et al. 1984, Sumner 1993). 
 Some studies carried out on Natraqualfs (Soil Survey Staff 1975) of the 
region indicated that soils trampled under moist to wet condictions underwent 
bulk density increases and structural stability decreases  (Rubio and  Lavado 
1990, Alconada et al. 1993). However, working with a Natraquoll, Taboada and 
Lavado (1988, 1993) reported that bulk density increases and  macroporosity 
decreases are the result of trampling the dry soil.  Our study aimed to determine 
the period when structural deterioration by grazing takes place, the magnitude of 
deterioration, and the time for recovery  in a soil typical of this region.  
 
3.8.2. Material and methods 
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Treatments 
 
 Three grazing treatments were compared in this experiment (see Figure 
3.3.4).  i) Grazed area: a 50-ha grassland continuously grazed for one century, at 
a stocking rate of 1 adult cow ha-1 year-1. This low stocking rate (the standard for  
the region) mainly results from low forage availability to livestock during dry 
summers. Grazing is not subjected to any rotational management scheme, and 
livestock graze during ponding periods with  the same intensity as when dry. It is 
assumed that timing and rates of grazing are roughly the same throughout the 
year.  ii) Old exclosure: a 4-ha fenced area located in the middle of a grazed field 
where cattle grazing was excluded seven years prior to the beginning of the 
sampling. iii) New exclosure: another nearby 4-ha exclosure, in which the 
exclusion of cattle grazing started three months before the beginning of sampling. 
  
Sampling and Analysis 
 
 Soil samples were taken in the three areas with different treatments. 
Three composite soil samples per treatment were  taken eight times from 
February 1992 to  February 1994 to determine structural stability. The samples 
were also taken during ponding periods. Each composited sample was 
composed of six subsamples collected 40-50 m along of each  three 200-300 m 
long  transects per treatment  (see Figure 3.3.4).  The transects were separated 
at 150-m intervals in both exclosures, while samples in the grazed area were 
obtained along  the perimeter of both exclosures (see Figure 3.3.4). Samples 
were taken  from the top 10 cm of the soil at  the same sites during  each of the 
eight sampling  periods. In order to avoid the influence of the higher clay contents 
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in the B horizon, thin A horizons (< 0.10 m thick)  were not considered for 
sampling purposes.  
 Structural stability was assessed by the Yoder apparatus wet-sieving 
method  (Kemper and  Chepil 1965). After air-drying, aggregates of up to 8 mm 
were separated by hand. These aggregates were slowly moistened up to field 
capacity (30 % by weight) and incubated  20ºC for 24 h under 98 to 100% relative 
humidity. The samples were wet-sieved and oven-dried, after which the mean 
weight diameters (MWD) were  calculated.  
  At the beginning of the study, six topsoil samples (10  cm thick)  were 
taken at the rate of 2 per transect in both the grazed and the old exclosure areas 
(Figure 3.3.4)  to determine  their organic carbon content by the Walkley and 
Black method (Nelson and Sommers 1982). On each sampling date, six soil 
cores (0.10-m depth)  were  taken at the rate of two per transect to determine 1) 
gravimetric water content (θw) by oven-drying at 105ºC, 2) soil bulk density (δb.) 
by  the core method, and 3) the sodium adsorption ratio [SAR = Na+ / (Ca2+ +  
Mg2+)1/2)] calculated from the cation concentrations in saturation extracts. Cation 
concentrations were determined by atomic absorption  spectrophotometry 
(Rhoades 1982). The cores were not composited but analyzed individually. In 
March 1994, three double-ring  infiltrometers per treatment were  installed (Figure 
3.3.4) to determine the soil infiltration rate by the flooding method (Bertrand 
1965).  
 Differences between treatments were assessed by the calculation of the 
standard errors of means. Regression analysis was applied to compare the 
variations of the means of aggregate MWD vs.  θw and SAR, and SWC vs. δb. 
 
3.8.3. Results and discussion 
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Soil properties 
 
 During the study period, the entire study area  was ponded twice and 
experienced droughty  conditions  once (March 1993). On the basis of retention 
curves determined previously for the same soil (Lavado and Taboada 1988), soil 
matric potentials as low as -4.6 MPa were calculated  during that summer.  
Consequently, soil water content showed great variability between sampling 
dates (Figures 3.4.5.1 a and b). The pattern of SWC variation with time was 
similar  in the old exclosure and the grazed areas, although   SWC was often 
slightly lower under grazing conditions (Figure 3.8.1  a). Because of the swelling 
character of this soil (Taboada and Lavado 1993), topsoil bulk density varied 
significantly (at the P = 0.999 probability level) with θw, both in the grazed  (from 
0.92 to 1.34 Mg m-3; R2=  0.92***) and  in the old exclosure areas (from 0.8 to 
1.25 Mg m-3;  R2=  0.90*** ). Grazing effects on topsoil bulk density were 
overshadowed by these great volumetric changes (Lavado and Taboada 1988).  
 Soil infiltration rates  were lower in the grazed area (0.17 ± 0.05 cm h-1) 
than in the old exclosure area (1.40 ± 0.09 cm h-1). Earlier, Lavado and Taboada 
(1988) reported the occurrence of saline peaks (NaCl and Na2SO4)  in ground 
water during floods. The upward migration of these salts from the subsoil 
increased topsoil electrical conductivity  (from 0.5  to 12 dS m-1 ) in the grazed 
area during the dry summer months (Lavado and Taboada 1988). The process of 
topsoil salinization did not occur under grazing exclusion, probably because a 
surface mulch of vegetative litter reduced evapotranspiration from the surface soil 
horizon (Lavado and Taboada 1988). Topsoil SAR values were usually higher in 
the  grazed area  (8.07 to 13.28) than in  the old exclosure area (6.85 to 8.66). 
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The organic carbon content of this soil (3.20 to 3.28 % by weight per treatment) 
showed no effect due to grazing. 
 
Structural stability  
 
 Aggregate mean weight diameter showed a decreasing trend throughout 
the study period in the topsoil of the old enclosure area (Figure 3.8.1). This trend 
seems to be the result of the sum of slight MWD decreases each time an 
enviromental stress (e.g., floods or dry weather)  occurred. The MWD decreases 
in the ungrazed area (Table 3.8.1) seem to be  the result of the disruption of the 
larger aggregate size class (8 - 4.8 mm).  
 Grazing effects on soil structural stability were superimposed on the 
environmental effects. Aggregate mean weight diameter (MWD) was often lower 
in the soil under grazing (Figure 3.8.1). This  aggregate size  reduction is 
attributable to the fracturing and pulverizing of dry soil caused by  the mechanical 
action of trampling, as shown by Warren et al. (1986). This increased the 
percentage of water-stable microaggregates (< 0.3 mm) both  in December and 
February 1992 in the soil under grazing  (Table 3.8.1).  A highly significant 
decrease in wet MWD was  also found in both grazed and old exclosure areas  
during the  dry summer  (March 1993). The low soil matric potential during that 
period  (Lavado and Taboada 1988) brought about significant shrinkage  (Figure 
3.8.1). It was demonstrated that planes of weakness are generated within the 
dried and shrunken  mass of  soils with a certain proportion of active clay, as a 
consequence of water stress (Yule and Ritchie 1980, Utomo and Dexter 1982). 
Likewise, in our smectitic clay soil, most disaggregation could be caused by 
macroscopic and microscopic shrinkage planes developed when the soil was dry. 
When the soil was rewetted during the  fall (Figure 3.8.1), the aggregate size 
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increased again in both treatments. The behavior of the MWD changed at the 
end of  the study (February 1994) when  the aggregate mean weight diameter 
was significantly higher under grazing.  Rather than an increase in aggregate size 
because of trampling the moist soil, differences between treatments can be better 
explained by the MWD decrease in the soil of the old enclosure area. It is 
interesting to note that, despite the decrease, there were no water-stable 
microaggregates less than  0.3 mm under grazing exclusion at the end of the 
study (Table 3.8.1). In our study, trampling the moist soil did not result in the 
creation of dense, unstable surface clods as found in the same region (Alconada 
et al. 1993) or elsewhere (Warren et al.1986). 
 The significant MWD changes with time in the soil of both grazed and the 
old exclosure areas were not related to  the  variation in their SAR (R2= 0.03). 
There are two main reasons why high SAR values had no significant effect on 
soil structural stability: a) increases in SAR were coincidental  with  increases in 
soil electrical conductivity, mainly because of high electrolyte concentrations (i.e., 
Cl- and SO42-); and b) soil pH did not increase but remained slightly acid (Lavado 
and Taboada 1988). Both factors counterbalanced the dispersive effect of Na and 
favored the flocculation of soil colloids  (Suarez et al.  1984, Sumner  1993).  Our 
previous results on  the modulus of rupture of  this soil also show little effect from 
similar levels  of SAR (Taboada and  Lavado  1996). 
 The influence of soil water content at the time of sampling was low in the 
soil of the old exclosure (R2= 0.04) but highly significant under grazing. Results 
from the Yoder analysis were from the same transect but from a different set of 
sample cores than those of SWC. However, the low standard errors of means 
calculated for most sampling dates allowed us a reliable interpretation of the 
comparison between SWC vs.  MWD (Figure 3.8.2 a and b). According to the 
 137
fitted curve, SWC accounted for 74 % of the variation of aggregate stability under 
grazing:   
 
MWD (mm)= 3.78 + 0.065 θw - 0.00085 θw2   R2= 0.74 (p < 0.05)  
 
Aggregate stability under grazing increased when the soil was wet and 
decreased when the soil was dry (Figure 3.8.1 a and b). This parabolic function is 
opposite  the normal response of soils with different textures to the antecedent 
soil water content (Gerard 1987, Perfect et al. 1990). The unusual soil behavior 
could be explained from previous results on soil porosity obtained by Taboada 
and Lavado (1993). They reported that  in this Natraquoll, the volume of pores > 
30 µm  was decreased by trampling  in dry conditions. This damage only affected  
the first 8 centimeters of soil depth (Taboada and Lavado 1988, 1993). Our 
present results on aggregate MWD and these previous ones on soil porosity 
agree well. Our results showed detrimental effects by trampling  during the 
summer when the soil was dry.  Figure 3.8.2 shows a conceptual model that 
postulates  decreases in structural stability resulting from crushing air-filled pores 
by cattle hooves. This yields smaller  water-stable aggregates, as shown by the 
higher proportion of aggregates  < 0.3 mm usually found in the soil of the grazed 
area compared to the soil in the enclosure area (Table 3.8.1). Only at low water 
contents was the structure of the topsoil destabilized by grazing.  The recovery of 
structural stability began in the fall and was completed  in the winter, when the 
soil was  ponded (Figure 3.8.1). The structural recovery results from swelling, 
when the smaller aggregates created by trampling of dry soil are bound again  
into larger structural units. 
 138
 The short time required  for the recovery of deteriorated  soil structure  by 
grazing is also demonstrated by the deviation of aggregate MWD between the old 
and  the new exclosures (Figure 3.8.3). Only on the first two sampling dates were 
deviations in MWD significant. This indicates that  the soil in the new exclosure 
behaved like that in the grazed area for the first  seven months of grazing 
exclusion. Afterwards, MWD deviation decreased progressively and reached a 
minimum MWD  when the soil structural unit size  in  both enclosures was the 
same. These results agree with those of Warren et al. (1986) but differ from those 
of Braunack and Walker (1985). In our case,  grazing effects on soil structural 
unit size  were temporary and disappeared within the first year of grazing 
exclusion.  Adjustment of stocking rates during dry periods may be a 
consideration if soil deterioration significantly reduces the productive capacity of 
these soils. 
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Table 3.8.1. Distribution of the mean percentage of water-stable aggregates by 
size in the grazed and the old exclosure areas. Standard error values are 
between parenthesis.  
 
  Water-stable aggregate size classes (mm) 
  8.0-4.8 4.8-3.4 3.4-2.0 2-1 1-0.5 0.5-0.3 < 0.3 
Grazed area        
Feb 92 45,011 28,965 15,624 2,123 0,852 0,418 7,008 
 (0,944) (0,995) (1,159) (0,392) (0,319) (0,186) (0,313)
Aug 92 48,708 30,3 17,078 1,174 0,22 0,098 2,423 
 (0,407) (0,226) (0,196) (0,079) (0,039) (0,02) (0,239)
Oct 92 60,122 22,67 12,326 1,102 0,256 0,133 3,392 
 (0,318) (0,474) (0,063) (0,207) (0,024) (0,039) (0,052)
Dec 92 48,033 24,147 17,158 3,137 0,813 0,177 6,201 
 (5,81) (2,759) (3,607) (0,122) (0,601) (0,082) (1,296)
Mar 93 40,16 27,955 22,225 4,11 0,22 0,105 5,225 
 (3,64) (2,485) (1,165) (0,06) (0,08) (0,035) (0,045)
Jun 93 54,62 22,31 11,8 3,45 1,88 1,24 4,7 
 (0,25) (0,38) (0,08) (0,07) (0,19) (0,17) (0,64) 
Sep 1993 53,77 26,82 16,24 0,565 0,115 0,085 0 
 (2,52) (2,19) (0,33) (0,185) (0,015) (0,015) (0) 
Feb 1994 63,135 19,36 12,11 0,835 0,23 0,155 4,175 
  (0,085) (0,28) (0,48) (0,065) (0,04) (0,035) (0,145)
 
Old exclosure        
 
Feb 92 67,521 16,774 12,369 0,535 0,122 0,1 2,58 
 (0,224) (0,22) (0,438) (0,138) (0,032) (0,025) (0,24) 
Aug 92 63,28 19,185 12,51 1,465 0,53 0,115 2,915 
 (0,79) (0,025) (0,11) (0,255) (0,18) (0,035) (0,455)
Oct 92 56,285 24,215 14,67 0,86 0,21 0,105 4,005 
 (0,565) (0,505) (0,11) (0,08) (0,02) (0,015) (0,135)
Dec 92 65,97 17,955 11,8 2,025 0,23 0,185 1,835 
 (0,09) (0,005) (0,29) (0,325) (0,05) (0,045) (0,215)
Mar 93 49,91 28,335 14,685 3,775 2,49 2,425 2,223 
 (0,09) (0,675) (0,955) (0,225) (0,16) (0,145) (0,1) 
Jun 93 59,55 24,15 12,525 0,79 0,14 0,11 0 
 (0,05) (0,15) (0,175) (0,06) (0,015) (0,01) (0) 
Sep 1993 50,56 27,56 17,875 0,785 0,18 0,095 0 
 (0,16) (0,71) (0,055) (0,085) (0,05) (0,025) (0) 
Feb 1994 51,795 27,415 16,665 0,725 0,155 0,085 0 
  (3,595) (1,925) (1,195) (0,015) (0,015) (0,005) (0) 
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Figure 3.8.1. Soil water content (a) and structural stability (b) indicated by the 
mean weight diameter of  wet-sieved aggregates (MWD) in the soils of the 
grazed area and the old exclosure. Periods with surface  ponding are indicated. 
Standard errors of the means are indicated by brackets. 
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Figure  3.8.2. Conceptual model showing the process of soil structural 
destabilization when the soil dries and the process of structural recovery when 
soil wets. 
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Figure 3.8.3.  Deviation in aggregate mean weight diameter (MWD) from 
the soil in the old exclosure compared to  that in the new exclosure. 
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3.9. Soil and vegetative changes associated with the replacement of  native 
grasslands by sown pastures. 
 
3.9.1. Introduction 
 
 Salt-affected soils are distributed worldwide, amounting to some  77 925 000 
km2 (Gupta and Abrol, 1990). Those found in wet areas generally have high 
exchangeable sodium percentage throughout the profile, especially in the clay 
subsoil (Szabolcs, 1988). The depth of the A horizon in these sodic soils is a very 
important feature, because it contains most of  the organic matter and nutrients, and 
also determines plant water availability (Malhi et al. 1992, Szabolcs 1988). 
Breakdown of topsoil aggregates under tillage may result in cloddy and structurally 
unstable seedbeds, surface crusting and in reduced water infiltration leading to 
restricted plant establishment, growth and yield (Gupta and Abrol 1990, Rengasamy 
and Olsson, 1991, Rengasamy et al. 1984). These soils compact at the surface 
when grazed, especially with repeated treading when wet (Mulholland and Fullen 
1991). In addition, the very hard and compact Bt horizon limits water and air 
movements as well as root elongation (Malhi et al. 1992, Szabolcs 1988). Plant 
development and crop production can also be restricted by the phytotoxic effects of 
excess exchangeable sodium (Gupta and Abrol 1990).  
 Since these limitations restrict the growth of high yielding crops,  most sodic 
soils are used for grazing enterprises. Native grasses produce most of the forage 
available to livestock. Although adapted to the environmental constraints, native 
species  have low productivity and are sometimes unpalatable (Bowman et al. 
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1985). Exotic grasses are often sown to improve the supply and quality  of forage in 
these areas. Tall wheatgrass (Elytrigia elongata) is the most commonly used 
species for this purpose (Ludwig and Mc Ginnies 1978, Malcolm 1986, Malcolm and 
Clarke 1973). It is popular because it is highly productive and also it tolerates salts, 
sodium and water stresses, and waterlogging (Frelich et al. 1973, Ludwig and Mc 
Ginnies 1978, Malcolm 1986, Pearson and Bernstein 1958). 
 Replacing native grasslands with sown tall wheatgrass pastures is also an 
accepted practice in Argentina (Hidalgo et al. 1989, Maddaloni 1986). However,  tall 
wheatgrass pastures are not always profitable because soil type is not always taken 
into account (Batista et al. 1993). Tall wheatgrass plants disappear progressively 
within a few years from sowing and native grasses and weeds invade the site 
(Oesterheld and León 1987). Bare ground also increases as the pastures 
degenerate.  This paper aims to determine if soil factors are responsible for this 
process of pasture deterioration. We hypothesize: i) that pasture deterioration is 
caused by the uneven response to tillage of soils with different surface horizon 
depths; and ii) that the higher the exchangeable sodium in the soil, the more 
detrimental are the changes caused by tillage to the seeded pasture.  
 
3.9.2. Study area  
 
 
 This study was carried out on a cattle breeding ranch,  located in the Laprida 
basin at the center of the Buenos Aires province of Argentina (37° 20'S and 60° 43' 
W, 420 km south west of Buenos Aires city). This region has a mean annual 
temperature of 14°C (20.8°C in summer and 7.3°C in winter) and a mean annual 
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rainfall of 750 mm, evenly distributed throughout the year. The soils are developed 
over aeolian loess-like deposits. Apart from some upland soils, this low-lying region 
mainly consists of different kinds of sodic saline-saturated soils (Batista et al. 1993, 
Instituto Nacional de Tecnología Agropecuaria 1989). These soils have a hard Bt 
horizon (clay subsoil), but vary in their topsoil properties (i.e. depth, organic matter 
content and sodicity). Different native grassland communities are associated with 
each soil, each community with its particular species composition and productivity 
(Batista et al. 1993). These soil-vegetation units are distributed in a heterogeneous 
landscape pattern (Batista et al. 1993, Instituto Nacional de Tecnología 
Agropecuaria 1989).  
 The study was conducted from August 1987 to August 1988 on a 200 ha 
area of the ranch, covered by  3 different soil types here called A, B and C (Figure 
3.9.1, Table 3.9.1). Soil type A (typic Natraquoll) has a loamy A horizon overlying a 
poorly drained, sodic, silty clay loam. This soil represents a better quality site than 
the other two. Soil type B (typic Natraqualf), which  is a wet texture contrast soil with 
bleached horizons and high sodicity, has a lower capacity for crop production. Soil 
type C (typic Natralboll) is characterised by an organic matter rich but thin A horizon. 
This soil occupies the lowest topographic positions and is subject to longer periods 
under surface ponding.  
 The whole area was divided into 2 adjacent 100 ha fields, representing 2 
treatments: i) untilled: a native pasture which had never been plowed; ii) tilled: a field 
disc-harrowed twice at 15 cm depth and sown with a tall wheatgrass (Elytrigia 
elongata) pasture in March 1985. Following establishment of the wheatgrass both 
paddocks were continuously stocked  by sheep and cattle (1:2 ratio) all year round 
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at the rate of 0.7-1.0 animal units ha-1.  The three soil types were identified in each of 
the treatment areas.  
 
3.9.3. Methods 
 
 Ground cover of litter and live vegetation (native grasses and tall 
wheatgrass), and bare surface were determined in three occasions, using the point 
method (Mueller-Dombois and Ellemberg 1974). This method involved dropping a 
needle every 0.10 m along ten 2-m transects distributed at random in each 
wheatgrass x soil type treatment. The total number of points sampled was 200 per 
soil type. Tall wheatgrass tussocks density was determined from the mean of ten 
0.60 x 0.60 m plots randomly distributed  each wheatgrass x soil type treatment.  
 Determinations of soil particle size distribution (by the pipette method), 
organic carbon content (by the Walkley and Black method) and pH (in paste), were 
undertaken in topsoil samples taken at random in the tilled and untilled areas at the 
start of the experiment. At the beginning and the end of the experiment, salinity was 
measured in  6 topsoil samples as electrical conductivity of saturation extracts 
(Rhoades 1982). The Sodium Adsorption Ratio (SAR= [Na+]/[Ca++ + Mg++]1/2 (mmol l-
1) was calculated from cation concentrations determined on saturated extracts 
(atomic absorption spectrophotometry). Six topsoil samples per soil unit were taken 
five times during the study to determine gravimetric water content (θw) by oven-
drying and bulk density (δb) measured by the core method. On the same dates, 30 
measurements of soil penetration resistance (PR) were performed using the Proctor 
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penetrometer (Davidson 1965). The PR values were adjusted to an oven-dry basis 
using fitted linear θw - PR  regressions.  
 
3.9.4. Statistics 
 
 The experimental site was selected on the basis of our previous detailed  
geomorphological, soil and vegetation maps of this area (Batista et al., 1993). 
This previous knowledge allowed us to assume that tilled and untilled areas were 
similar in  both soil and vegetation prior to the start of the experiment and, 
therefore, observed differences were attributed to the treatments. Spatial 
arrangement of the three soil types in the paddock (Figure 3.9.1) did not allow for 
 treatments to be replicated in space. As a consequence, the implied level of 
statistical inference does not go beyond the soil types  examined in this study. 
(Hurlbert 1984). Means and standard errors are provided. In addition, results 
were statistically analyzed as a paired experiment (Montgomery, 1991), in which 
the probability of the mean UT-T difference ≠ 0 (two-tailed t test) was tested  and 
where the succesive sampling dates were the replicates.  
 
3.9.5. Results and discussion 
 
Soil type A 
 
 Tillage had little influence on the measured vegetation parameters (Table 
3.9.2), as P values of mean differences ≠ 0 ranged from 0.07 to 0.18. The litter 
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component was lower in tilled areas in two of the three studied dates, and a greater 
amount of bare surface was found under sown pasture in August 1988. Tall 
wheatgrass dominated (84-98 %) the live components of the tilled treatment in 
December 1987 and August 1988, but native species accounted for half  the live 
plant cover in March 1988 (Table 3.9.2.).  
 The typic Natraquoll soil of this area did not change significantly from the 
untilled to the tilled area. The P values of mean differences ≠ 0 on the five studied 
dates ranged from 0.10 to 0.95. Only pH decreased slightly, but was still within the 
neutrality range (Table 3.9.3; Figures. 3.9.3 a, b and c).  The well-developed A 
horizon of this soil was not mixed with the underlying silty loam subsoil during 
seedbed preparation. The tilled area retained the original desirable topsoil 
conditions, which probably contributed to the successful establishment of the sown 
pasture. Two to three years after sowing, this pasture still had the highest density of 
tall wheatgrass tussocks (Figure 3.9.2).  Hidalgo et al. (1989) also found a great 
abundance of tall wheatgrass in a 3-year-old sown pasture, growing on Natraquolls 
in the same area. They reported that the productivity of the tall wheatgrass pasture 
did not differ significantly from that of the native grassland which suggests that the 
replacement would not be economically profitable. 
 
Soil type "B" 
 This soil had the most severe constraints for plant establishment and growth 
and, for that reason, the most bare surface. It was only in this soil type that algae 
(Nostoc sp) appeared as an important component of the plant community (Table 
3.9.1). Ground cover of live vegetation was significantly higher (P < 0.01) in tilled 
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areas on all sampling occasions, while the other studied vegetation parameters were 
similar between areas (P = 0.24 - 0.67). The density of tall wheatgrass tussocks  
was intermediate among the three soil types (Figure 3.9.2). Live cover of tall 
wheatgrass ranged from 51 % in March 1988 to 84 % in August 1988. The very thin 
surface horizon was mixed with the underlying clay loam subsoil when tilled. This 
increased silt and clay percentages, pH, electrical conductivity,  and SAR  in tilled 
areas, but reduced organic carbon content  (Table 3.9.3). The physical properties of 
the soil were improved after tillage, by lowering (P< 0.01) bulk density in the topsoil 
(Figure 3.9.4 b). Soil water content (P= 0.49) and the adjusted penetration 
resistance (P= 0.13) were similar between areas (Figures 3.9.4 a and c). The lower 
bulk density  cannot be ascribed to tillage, as macropores created by tillage cannot 
be expected to persist in this highly sodic environment (Rengasamy and Olsson 
1991). Rather it was due to the creation of large pores by the dense root system of 
tall wheatgrass.   
 Vegetation showed positive changes in the tilled field. The native community 
of this land class is largely dominated by saltgrass (Distichlis spicata and D. 
scoparia), a low producing, largely unpalatable species (Bowman et al. 1985). The 
replacement of this undesirable forage by tall wheatgrass was successful, as shown 
by the significantly higher live vegetation and moderate density of tall wheatgrass 
tussocks found in the tilled field. The increase of the sodicity in topsoil is unlikely to 
affect the persistence of tall wheatgrass because of its well-known high tolerance to 
alkali stresses (Malcolm 1986, Pearson and Bernstein 1958). The amelioration of 
the conditions of a nearby Natraqualf after planting tall wheatgrass was also found 
by Irigoyen and Giambiagi (1990). 
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Soil type “C” 
 
 
 Unlike the other soil types, the sown pasture in this soil showed signs of 
failing. The bare surface, negligible in the untilled field, was significantly higher (P< 
0.05)  in the tilled area. Both litter and live vegetation were affected to a lesser 
degree by tillage (Table 3.9.2). Tall wheatgrass density was the lowest among the 
soil types (Figure 3.9.2). Its proportion within the live component of the pasture was 
around 50 % both in December 1987 and in March 1988 but reached 84 % in 
August 1988 (Table 3.9.2). This deterioration cannot be ascribed to a single factor, 
but rather to the combination of several soil properties affected by tillage. This soil 
type (typic Natralboll) has an organic matter-rich but thin Ah horizon overlying an 
infertile E horizon (Table 3.9.1). Tillage reduced organic matter content in the Ah 
horizon to less than half that in untilled areas (Table 3.9.3), which   restricted plant 
nutrient supply. Silt percentage was higher  when plowed resulting in a change in 
soil texture from loam to silty loam. After soil physical properties also deteriorated 
following tillage (Figures. 3.9.5 a, b and c). Soil water content was significantly lower 
(P< 0.05), bulk density, originally low in this soil, was significantly increased (P< 
0.05) and the adjusted penetration resistance was significantly lower (P< 0.01).  
Livestock trampling  is a key factor  in the increase in bulk density (Mullholland and 
Fullen 1991). In such conditions, germination, establishment, and persistence of 
wheatgrass would be  difficult (Frelich et al. 1973, Gupta and Abrol 1990). Bare 
surfaces facilitated the upward movement of both water and soluble salts to the 
surface (Lavado and Taboada 1988). This must account for the lower water content 
and higher electrical conductivity found in the tilled topsoil  (Table 3.9.3). In contrast, 
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neither pH nor SAR varied between the fields (Table 3.9.3).  Although salinity as 
high as EC= 3.01 dS  m-1 would not be critical for tall wheatgrass (Malcolm 1986), it 
could affect the survival of hydrophilous native grasses existing in this community. 
This possibly prevented the regrowth of native species among tall wheatgrass 
tussocks in the tilled field. 
 
3.9.5. Conclusions 
 
  The sowing of tall wheatgrass pastures produced variable responses in each 
soil type. The key factor was the different response to tillage of soils with variable 
surface horizon depths as each soil unit reacted differently  to the replacement of the 
native grassland by tall wheatgrass. In soil type A, where the surface horizon is 
deepest, tillage caused minimal effects on soil properties and tall wheatgrass 
constituted an important component of the live vegetation at the time of this study (3 
years after sowing). Soil types B and C have thinner surface horizons than soil type 
A and were affected differently by tillage. These effects were positive in soil type B, a 
high sodic soil, and negative in soil type C, a slight sodic soil. Consequently, the 
survival of tall wheatgrass differed between these soil types. 
 
 
  Differences between soils and their reactions to tillage must be taken into 
account when deciding to replace a native grassland by  sown pasture. Soils which  
occupy the same landscape, but differ in important properties may respond 
differently to tillage when a pasture is seeded. The predominance of each kind of 
sodium-affected soil within the local heterogeneity pattern in the center of Buenos 
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Aires Province  is a major factor influencing the choice between continuing to 
maintain native grassland system or to replace them with seeded species such as 
tall wheatgrass. 
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Table 3.9.1. Description of the studied soil types and associated floristic 
composition 
 
Soil type A (typic Natraquoll) 
Horizon 
Depth 
(cm) Texture Structure 
Ah 0 - 14 loam subang.blocks 
BA 14 - 21 silty loam subang.blocks 
Bt 21 - + 
silty clay 
loam prisms (ang.blocks) 
Floristic 
composition:   
Setaria geniculata, Stenotaphrum secundatum, Distichlis 
spicata, 
D.scoparia, Eryngium ebracteatum, Aster squamatus, Stipa 
formicarum, Panicum bergii and Juncus balticus. 
    
 Soil type B (typic Natraqualf) 
Horizon 
Depth 
(cm) Texture Structure 
E 0 - 11 loam massive 
Bt 11 - 28 clay loam columns (ang.blocks) 
Floristic 
composition:   
Distichlis spicata, D. scoparia, Sporobolus indicus, 
Diplachne 
uninerva, Lepidium sp., and Nostoc 
sp.  
    
 Soil type C (typic Natralboll) 
Horizon 
Depth 
(cm) Texture Structure 
Ah 0 - 8 loam subang.blocks 
E 8 - 20 loam massive 
Bt 20 - 45 
silty clay 
loam prisms (ang.blocks) 
Floristic 
composition:   
Paspalum vaginatum, Leersia hexandra, Eleocharis 
bonariensis, 
Eryngium echinatum, and Phyla canescens. 
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Table 3.9.2. Components of the ground basal cover in the untilled (UT) and tilled (T) fields (means and standard errors). 
 
     Ground basal cover (%)     
Natraquoll December March August 
  UT T UT T UT T 
bare soil 12.50 ± 3.19 16.50 ± 2.69  3.50 ± 1.58  9.50 ± 3.45  1.50 ± 0.76 
 21.00 ± 
4.52 
a) litter 70.50 ± 5.08 61.00 ± 4.40 79.00 ± 2.34 52.50 ± 5.23 83.50 ± 3.42 55.00 ± 5.78 
b) native 
species 17.00 ± 3.89 0.50 ± 0.50 17.50 ± 3.10 19.50 ± 6.44 14.50 ± 3.12 3.50 ± 1.07 
c) Agropyron    - 22.00 ± 2.91    - 15.50 ± 3.37    - 19.50 ± 2.63 
d) live (b + c) 17.00 ± 3.89 22.50 ± 3.10 17.50 ± 3.10 35.00 ± 6.29 14.50 ± 3.12 23.00 ± 2.81 
     Ground basal cover (%)     
Natraqualf December March August 
  UT T UT T UT T 
bare soil 45.50 ± 5.65 31.50 ± 3.88 
38.50 ± 
4.35 39.00 ± 4.40 
20.00 ± 
3.88 12.50 ± 2.61 
a) litter 46.60 ± 4.07 51.00 ± 4.46 
47.00 ± 
5.64 36.50 ± 4.29 
67.50 ± 
4.17 67.00 ± 3.67 
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b) native 
species 8.50 ± 2.12 7.00 ± 2.26 
14.00 ± 
2.77 10.50 ± 2.93 
12.50 ± 
2.01 2.50 ± 1.12 
c) Agropyron    - 10.50 ± 2.17    - 14.00 ± 2.56    - 18.00 ± 3.18 
d) live (b + c) 8.50 ± 2.12 17.50 ± 3.01 
14.00 ± 
2.77 24.50 ± 3.45 
12.50 ± 
2.01 20.50 ± 3.35 
     Ground basal cover (%)     
Natralboll December March August 
  UT T UT T UT T 
bare soil 2.00 ± 1.53 12.00 ± 2.14  0 15.00 ± 5.33  0 13.50 ± 2.48 
a) litter 
88.00 ± 
3.74 74.00 ± 3.32 
67.50 ± 
5.88 62.50 ± 5.74 70.00 ± 4.41 67.50 ± 4.37 
b) native 
species 9.50 ± 3.20 6.50 ± 2.24 
30.50 ± 
6.56 11.00 ± 1.63 30.00 ± 4.41 3.00 ± 1.53 
c) Agropyron    - 6.00 ± 2.56    - 11.50 ± 2.24    - 16.00 ± 2.67 
d) live (b + c) 9.50 ± 3.20 12.50 ± 1.86 
30.50 ± 
6.56 22.50 ± 2.39 30.00 ± 4.41 19.00 ± 3.06 
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Table 3.9.3. Particle-size analysis, organic carbon (OC), pH in paste, sodium 
adsorption ratio (SAR) and soil salinity as measured by its electrical 
conductivity (EC) in the untilled (UT) and the tilled (T) top horizons. Means 
and standard errors. 
 
 Soil type A Soil type B Soil type C 
 UT T UT T UT T 
              
Sand (% w) 
34.45 ± 
1.55 
32.70 ± 
0.50 
46.15 ± 
2.05 
26.60 ± 
1.00 
30.50 ± 
0.40 
26.00 ± 
1.80 
       
Silt (% w) 
44.50 ± 
1.50 
41.25 ± 
0.05 
28.01 ± 
3.40 
49.55 ± 
0.15 
45.50 ± 
0.15 
52.25 ± 
0.91 
       
Clay (% w) 
21.05 ± 
0.05 
25.55 ± 
0.05 
15.84 ± 
1.36 
23.85 ± 
0.85 
23.95 ± 
0.25 
21.76 ± 
0.90 
       
              
OC (% w) 
1.87 ± 
0.04 
1.78 ± 
0.08 
1.03 ± 
0.03 
0.75 ± 
0.07 
4.52 ± 
0.05 
2.17 ± 
0.38 
       
pH (paste) 
7.65 ± 
0.31 
6.87 ± 
0.14 
8.78 ± 
0.18 
9.01 ± 
0.13 
7.04 ± 
0.09 
7.40 ± 
0.08 
       
SAR 
37.26 ± 
10.8 
25.83 ± 
1.02 
28.43 ± 
5.18 47.73 ± 0 
25.03 ± 
0.25 
31.18 ± 
6.01 
       
EC (dS/m) 
          
August 87 
 1.77 ± 
0.16 
 1.23 ± 
0.13 
 2.48 ± 
0.34 
 3.49 ± 
0.69 
 1.20 ± 
0.12 
 1.90 ± 
0.19 
       
August 88 
 3.67 ± 
0.81 
 3.74 ± 
0.63 
 2.82 ± 
0.43 
 3.90 ± 
0.40 
 1.31 ± 
0.05 
 3.01 ± 
0.34 
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Figure 3.9.1. Spatial distribution of the studied soil types and treatments. 
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 Figure 3.9.2. Density of tall wheatgrass tussocks in each soil type. Bars are 
standard errors. 
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Figure 3.9.3. Topsoil water content (SWC) (a), bulk density (BD) (b) and 
oven-dry surface penetration resistance (dry PR) in soil type A (typic 
Natraquoll). Bars are standard errors. 
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Figure 3.9.4. Topsoil water content (SWC) (a), bulk density (BD) (b) and 
oven-dry surface penetration resistance (dry PR) in soil type B (typic 
Natraqualf). Bars are standard errors. 
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Figure 3.9.5. Topsoil water content (SWC) (a), bulk density (BD) (b) and 
oven-dry surface penetration resistance (dry PR) in soil type C (typic 
Natralboll). Bars are standard errors. 
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3.10. Soil volumetric changes in natric soils caused by air entrapment  
following seasonal ponding and water table rises  
 
3.10.1. Introduction 
 
 Soil volumetric changes associated with variations in  water content  are found in a  
range of soils of variable swell-shrink potential (Berndt and Coughlan, 1976; Crescimanno 
and Provenzano, 1999; Jayawardane and Greacen 1987;  Yule and Ritchie, 1980). Most of 
these studies were carried out in agricultural soils, characterised by a narrow  range of water 
contents and subjected to different cropping systems.  Considerably less attention received the 
occurrence of soil volumetric changes in seasonally ponded soils. These soils are seldom tilled, 
and are periodically affected  by surface ponding and  water table rises (Jacob et al., 1997; 
Lavado and Taboada, 1988).  
 The process of swelling was related to the intercalation of water in clay interlayers 
during soil wetting, which causes expansion in smectite and expansible interstratified soil 
minerals (Crescimanno and Provenzano, 1999; Low and Margheim, 1979; Parker et al., 1982; 
Schafer and Singer, 1976). Therefore, soil swell-shrink potential is highly correlated to the 
proportion of total clay, expansible clay and/or exchangeable sodium in soils. The build up of 
entrapped pore air pressures is another possible soil swelling factor  (Gäth and Frede, 1995; 
Parker et al. 1982). Air entrapment ahead of soil wetting fronts was studied in relation to its 
influence on soil water intake and the redistribution of water throughout the profile (Wang et al, 
1997; 1998). When water infiltrates through the soil surface over a large area, soil air initially 
at local barometric pressure  (≈ 10 m of water), is displaced and probably compressed ahead 
of the wetting front by the penetrating water. Wang et al. (1997)  determined the “air breaking 
value,” that is  the maximum air capillary pressure  at   the time when air erupts from the soil 
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surface. At this sufficiently high air pressure the entrapped soil air breaks through the 
interconnected large pores of the wetted zone and escapes from the soil surface.  
 Air entrapment was related to the process of air slaking of dry, silty soil aggregates 
(Gäth and Frede, 1995), but the mechanism  by which it causes soil swelling is less  
understood. Particularly, seasonally ponded soils represent a case where the influence of 
soil wetting fronts may be greater than in other soils. Our group have considerable 
experience in the Flooding Pampa of Argentina, a vast intrazonal area in which seasonally 
ponded soils occupy several thousands hectares.  In previous studies we found that even 
though these soils have low percentages of  total and expansible clay, they still  can develop 
noticeable changes in soil specific volume (i.e. 0.75 – 1.50 m3 Mg-1)  during ponding-drying 
cycles (Rubio and Lavado, 1990; Taboada and Lavado, 1993; Taboada et al., 1988).  So, 
other factors than the expansion of clay minerals could determine soil swelling in this area.  
In the present study  we  investigated the nature of soil volumetric changes in seasonally 
ponded soils. We hypothesised that: a)  soil volumetric changes are due to the wide range of 
water content during ponding - drying cycles; and b) soil swelling is accentuated by the effect of  
air entrapment ahead of the advance of soil wetting fronts,  caused either by the rise of water 
table or by surface ponding with rain water. 
 
3.10.2.  Shrinkage curves and shrinkage indices 
 
 Soil  volumetric changes have been commonly investigated either  by the shrinkage of 
natural clods on drying under controlled laboratory conditions (Coughlan et al., 1991; Mc Garry 
and Daniells, 1987; Mc Garry and Malafant, 1987), or by  the repeated sampling of soil  cores in 
the field (Berndt and Coughlan, 1976;  Jayawardane and Greacen, 1987). In both cases  the 
inverse of bulk density (i.e. soil specific volume, ν) is plotted   to the volumetric water content 
(θ) of the soil. Fitted straight lines allow the identification of different  shrinkage zones  (Figure 
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3.10.1). Normal shrinkage (B →  A) is  characterised by equivalent decreases in both ν and θ on 
drying, and so, by no air entrance to soil pores (Coughlan et al., 1991; McGarry and Daniells, 
1987). In the drier range of the  θ variation,  soil  ν decreases on drying are lower or even null.  
Residual  shrinkage (A →  α) allows air entrance to soil pores, and hence the creation of air-
filled porosity.  In order to facilitate this discussion, McGarry and Daniells (1987) derived several 
indices and related  variables from the shrink data of natural soil clods (Figure 3.10.1; Table 
3.10.1). 
 
3.10.3. Material and Methods 
 
Description of the studied soils 
 
 Soil samples were taken in two sites covered with untilled grasslands: Site A: a 
General Guido Series soil  (Typic Natraquoll); and Site B: a Chelforó Series soil  (Mollic 
Natraqualf). The main properties of both soils are given in Table 3.10.2. Both  of them have 
no vertic features (i.e. slickensides, visible cracks, etc), throughout their profile. Taboada et 
al. (1988) determined the mineralogy of the fraction less than 2 µm (X-ray diffraction)  in the 
soil of site A. It is mainly composed by illite throughout the profile, while smaller amounts of 
interstratified smectitic materials and a negligible amount of kaolinite in the surface horizons. 
The mineralogy of site B is similar, as reviewed by Lavado and Camilión (1984). This 
mineralogy is typical for most  sodic soils  of  the region.    
 
Assessment of soil volumetric changes 
  
 Soil volumetric changes were assessed by means of both the shrinkage of natural clods 
in the laboratory, and the repeated  sampling of soil cores in the field. To accomplish the 
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laboratory determinations, samples of  surface (Ah and E)  and Bt horizons of  both soils were 
taken at moist conditions during the summer. The samples  were partially dried in the 
laboratory, so that natural clods (2 - 3 cm diameter) could be easily separated by hand. Twenty 
aggregates were used to build up the shrinkage curves. The clods were wetted over filter paper 
in contact with water saturated cotton. From saturation, five clods were removed at two-day 
intervals during air-drying to determine their volume following the method for bulk density of 
aggregates described by Burke et al. (1986). It consists in submerging the aggregates in 
kerosene for 24 h, and drying them quickly on blotting paper just until the peripheral film of 
kerosene was eliminated. The volume of aggregates was measured by hydrostatic upthrust in 
the kerosene. Clods were oven-dried to determine their gravimetric water content.  
 Cores were taken from both soils on different  dates, thus yielding an ample range of soil 
water contents. Soil samples were collected using cores (9 cm diameter, 10 cm length), of the 
same type as  Yule and Ritchie (1980). The water content  (oven-drying at 105  - 110 °C)  and 
the  bulk density of each soil core were determined within 24 h of sampling.  
 The inverse of soil bulk density, i.e. specific soil  volume, ν,  was plotted against the 
gravimetric water content, θ.   Straight lines were fitted  by regression  for each shrinkage 
zone, in the θ - ν relationships obtained with both laboratory and field data. We calculated the 
indices and derived variables of  shrinkage (Figure 3.10.1; Table 3.10.1) in both topsoil  and 
Bt horizons, and differences between them were evaluated using one-way analysis of 
variance. The clods were wetted by capillary rise,  thus  avoiding air confinement. So, 
differences in clod shrinkage indexes of different soils and horizons indicated the effect of 
inherent soil properties (i.e. exchangeable Na and clay percentages). We calculated the 
same indices  to our swell-shrink  field data. This procedure was judged reliable, taking into 
account the close θ - ν relationships (R2 > 0.86; P < 0.001) always fitted to field data. In order 
to compare shrinkage  indices obtained in natural clods with those in field cores,  we 
calculated the percentage  variation from the clods to the field: 
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∆ % = [(field index - clod index) / clod index] . 100   [1] 
 
This index indicates the influence of a number  of factors, such as plant roots, aggregated 
structure, air entrapment,  and so on, only present  in the field. 
 
Assessment of the influence of wetting fronts in the field 
 
 The influence of the wetting front caused by  water table rise  was evaluated  during a 
typical climatic cycle (March 1991 to March 1992) at the site of soil A (Guido Series), where we 
recorded the depth of water table in three  wells. Water table depth data were related to soil ν 
and the specific volume of air filled pores  (P) of the three top horizons of soil A. Soil  P was 
calculated from the water-filled pores, and considering the dry weight and the total pore space in 
each field core. Soil particle densities were determined with picnometer (Burke et al., 1986).  
 The individual influence of surface ponding was  evaluated  by means of a field 
experiment carried out during summer when the water table was deep. Three 1 m2 field plots 
were delimited with metal walls (25 cm depth), and the soil inside them watered with water 
taken from a nearby pond. The height of surface water was kept at about 5 cm during 24 h. Soil 
ν,  θ and  P  were determined in the Ah horizon before, during and after the experiment. For 
comparison, three  monoliths taken from the same soil  were wetted by capillary rise, and their  
ν,  θ and  P  also determined. The effect of  surface ponding  on  soil ν, θ and P  was evaluated 
by analysis of variance.  
 
3.10.4. Results and discussion 
 
Shrinkage of natural clods 
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 The shrinkage characteristics of natural clods had two distinct shrinkage zones (i.e. zero 
and residual shrinkage) in surface and Bt horizons (Figure 3.10.2 a through d; Table 3.10.3). At   
the surface, soil texture was loam in the General Guido site and silt  loam in Chelforó site 
(Table 3.10.2). As previously found, both soils had low proportion of expansible clay (Lavado 
and Camilión, 1984; Taboada et al., 1988). Therefore, surface  clods had slopes, n,  of about 
0.5 - 0.6 (Table 3.10.3)  showing residual shrinkage during most of the  drying phase. The 
specific volume of air filled pores increased as the clods  dried (PB < PA < Pα). Several  clod 
shrinkage indices differed significantly  between sites. For instance, the clods of site B had 
significantly higher θB - θA  range and maximum specific volume, νB (Table 3.10.3). Likely, the 
lower amount of organic carbon in topsoil of site B favoured clod volumetric expansion, because 
of the weaker bonding between soil particles and aggregates (Crescimanno and Provenzano, 
1999; Schafer and Singer, 1976; Taboada et al., 1988). 
 The clods of both Bt horizons had normal shrinkage (slope, n, about 1) over most of 
their water content variation range (Figures 3.10.2 c and d), showing the shrinkage 
characteristic of other extensively swelling soils (Crescimanno and Provenzano,   1999; Yule 
and Ritchie, 1980). As the range of θ in the zero shrinkage zone,  θΑ - θα, was narrow,  the 
specific volume of air filled pores at the end of drying, Pα , only reached about 0.20 in both Bt 
horizons (Table 3.10.3). The clods of site B  retained more water than those of  soil A, and so, 
they swelled over a wider water content range (θB - θA). This considerable volumetric expansion 
can be attributed to its higher sodium adsorption ratio  (Table 3.10.2), which increases the  
osmotic component of the clay - water system (Low and Margheim, 1979). Like in  topsoil, the 
clods of both Bt horizons also behaved in accordance to their inherent soil properties. 
  
Soil volume changes in the field 
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 The θ - ν relationships obtained  in field cores differed greatly from those obtained in 
clod shrinkage curves (Figures. 3.10.3 a through d). This is also shown by the often high 
variations, ∆ %,  in the indices comparing the clods with the field (Table 3.10.4). Most indices 
had positive ∆ % values, because of higher values in the field than in the clods. Only the 
range of water content variation during the  normal phase, (θB - θA)  varied negatively. For 
instance, the range of water content  was as narrow as  about 0.20 v/v in both surface horizons, 
and 0.17 - 0.28 v/v. In both Bt horizons  (Table 3.10.4). This indicates that in our study area soil 
volumetric changes were not due to the wide range of water content during ponding – drying 
cycles, which  rejects our first proposed hypothesis. Other authors also found significantly less 
shrinkage in confined cores compared with clods (Crescimanno and Provenzano 1999; 
Mitchell and Van Genutchen, 1992), in part because of a different structural arrangement and 
porosity of the  clods  and cores. Conversely,  the clods of our soils always had less 
shrinkage than field cores. Moreover, θ − ν functions fitted in the field deviated from the 
theoretical saturation line  as the soils wetted (Figures 3.10.3 a through d), unlike the 
functions fitted in the  clods which deviated as the soils dried (Figure 3.10.2 a through d).  In 
a conceptual model, Toll (1995) proposes that "initially saturated" soils  subjected to drying 
decrease more their volume than rewetted and then dried soils (i.e. "overdried"). We think 
that "overdrying" due to rewetting  was not the cause of the different soil  volumetric 
behaviour between the clods and the cores. Both of them were "field soils", and then 
subjected to wetting and drying cycles.    
The specific volume of air-filled pores at the end of swelling, PB, had the highest  
variation, ∆ %, from the clods to the field (Table 3.10.4). This index, that   never surpassed 
0.04 v/v in wet clods,  was so high as 0.20 - 0.35 v/v  in surface and Bt horizons sampled by 
cores in the field.  This shows a process of air entrapment within soil pores during  soil 
wetting (Figures 3.10.3 a through d). This may be explained by the occlusion of pore air by 
pore water when the degree of saturation increases to near 80 % (Chen and Yu, 1995). As a 
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result, in the field air filled porosity was the highest at the maximum swelling limit (PB > PA > 
Pα). Soil swelling under such conditions must be regarded as a process of “inflation” of pore 
space by  entrapped air (Gäth and Frede, 1995). The influence of trapped air can be 
assessed from the magnitude of slopes, n (Table 3.10.4). They were about 1.5  in both 
surface horizons, and about 2 in both Bt horizons (Figures 3.10.3 a through d; Table 3.10.4).  
Because of these slopes higher than 1, our soil volumetric changes can be considered 
abnormal .  
 The surface horizons of both soils had two distinct  swell – shrink zones (Figures 
3.10.3 a and b). Below the air entry point, θA,  there were  zero volumetric variations, while 
above this point, there were abnormal  volumetric variations. Despite their different clay 
percentages, pH and SAR values (Table 3.10.2), both Bt horizons showed similar  linear  θ  -  ν  
relationships in the field  (Figures 3.10.3 c and d). Taking into account the slopes,  n of about 2, 
the effect of trapped air in them was more pronounced (Table 3.10.4). Unlike the clods, the 
inherent soil properties (e.g. soil texture, clay percentage, sodium adsorption ratio) exerted 
virtually no influence on soil swell-shrink capacity in the field. Soil swelling  was accentuated by 
air entrapment in both top horizons, which accepts our second hypothesis (Table 3.10.4; Figure 
3.10.3).  However, in both Bt horizons the influence of air entrapment  was more pronounced 
than a simple accentuation of swelling, causing  the whole volumetric expansion. Parker et al. 
(1982) also found soil swelling attributable to air entrapment, but in their case it only accounted 
for 8-59 % of the total expansion of Bt samples. 
 
Sources of trapped air 
 
 In the study area, during winter - spring the water table rises from more than 2 m 
depth up to about 0.65 m, where the bottom of the impervious  Btk horizon checks further 
water table rises.  Figure 3.10.4 shows the variation of  water table depth and the specific 
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volume of air filled pores in the Ah, BA and Bt horizons showing the typic water regime of the 
region. A conceptual model describing the changes taking place in the soil profile is 
proposed (Figure 3.10.5). At the start of well recording (March 1991), the water table was  
deep as usual at the end of a summer period (Lavado and Taboada, 1988), and there is 
groundwater recharge by rain water through preferential flow paths (Dreccer and Lavado, 
1993). The soil is a at a "bio-opened"  condition, as defined by Chen and Yu (1995), and its 
condition is represented by Figure 3.10.5 a. During autumn and winter the water table rose 
close to the soil surface, and in August 1991, it  reached the bottom of the impervious  Btk 
horizon. This horizon prevents further water table rises up to the soil surface, so that 
groundwater below it is under pressure  (Lavado and Taboada, 1988. The specific volume of 
air filled pores made a peak  in the Bt horizon, showing air entrapment ahead of the rising 
water table. The soil condition changed to  "air-occluded" , which reduces greatly the 
dissipation of pore pressure (Chen and Yu, 1995). So, the air within soil pores  could not 
escape to the atmosphere   and   became trapped, likely  under pressure. The rain excess 
under such conditions creates a "perched" water table over the impervious Btk horizon, 
which results in surface ponding with rain water during winter and most of spring. During 
ponding, trapped air was redistributed upward from the Bt horizon to the overlying BA and Ah 
horizons and a  rapid increase in air filled porosity (i.e. total porosity less water filled porosity) 
was observed at the same time. This causes soil swelling due to "air inflation", as 
represented by Figure 3.10.5 b.  
As soon as water ponding was over in the next summer, P decreased and returned 
again to its original value because of  the rapid dissipation of pore pressure by rapid escape 
of continuous pore air throughout the soil (Chen and Yu, 1995). It is shown by Figure 3.10.4 
and represented by Fig. 3.10.5 c. These results show that the rise of water table from depth 
is a major source of air entrapment and soil swelling in this area.  
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 Results on the field experiment of ponding show the relative importance of  surface 
ponding on soil swelling (Table 3.10.5). Before the experiment, the soil was near field capacity. 
After 24 h  surface ponding,  both volumetric water content and  soil specific volume increased 
significantly, but P did not change. This indicates that air became trapped in the wet soil. After 
ponding, trapped air escaped to the atmosphere, air-filled porosity decreased significantly,  and 
soil ν   returned again to the value before ponding. Soil monoliths wetted by capillarity showed 
the typical  displacement of air by water (Table 3.10.5). Under the unconfined conditions of this 
experiment, the Ah horizon of the monoliths behaved like clods in the laboratory. Results of this 
field experiment show that surface ponding is also an important source of abnormal volumetric 
changes by air entrapment.   
 In a laboratory experiment, Gäth and Frede (1995) found a process of soil “inflation”, 
under quick saturation of  quartz, a rigid material. Our field results seem to be another instance 
of the same process. Our unusually high  entrapped air volumes at the maximum swollen 
condition, PB ,  (Table 3.10.4)  can be regarded as the result of  two coincident wetting fronts 
during winter – spring periods (Lavado and Taboada, 1988). Air bubbles entrapped between the 
ponded soil surface and the rising water table could not escape, showing that the  “air breaking 
value” was not reached in our study site (Wang et al. 1998). This explains why air 
entrapment exerted so great influence on the swelling of our soils.  
 Some consequences of air entrapment are in the same direction than our previous 
results in  the same experimental site. Dreccer and Lavado (1993) found preferential flow 
paths through which rain water infiltrates and redistributes in this soil. This agrees with 
experimental results of  Wang et al. (1998), who also showed wetting front instability and 
fingering processes  because of air compression ahead of confined wetting fronts. We found  
topsoil loosening and macroporosity recovery after ponding because of the mellowing of 
topsoil aggregates (Taboada and Lavado, 1993; Taboada et al. 1999). Soil mellowing 
consists in the partial slaking of aggregates carried to high water contents (Grant and Dexter 
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1990). Topsoil structural improvement found during ponding in this site thus appears as a 
consequence of  soil inflation (Gäth and Frede 1995).    
 We can then conclude that air entrapment due to water table rises from depth and 
surface ponding was the main factor determining the swelling of soils. While  most soils have 
less than normal volumetric changes, our studied soils developed abnormal  swelling.  These  
results may contribute to  develop a framework to explain the structural behaviour of seasonally 
ponded  soils.  
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Table 3.10.1: indices and related variables  from the shrink data of  
natural soil clods (Mc Garry and Daniells, 1987). 
Indices  
  
θB θ  at the limit of normal swelling 
  
θΑ θ at the air entry point, i.e. the end of residual shrinkage 
  
n slope of the line B → A  (normal shrinkage) 
  
r slope of the line A → α (residual shrinkage) 
  
νB specific volume at the limit of normal swelling 
  
νA specific volume at the air entry point 
  
α specific volume at zero water content 
  
PB specific volume of air filled pores at B 
  
PA specific volume of air filled pores at A 
  
Pα specific volume of air filled pores at α 
  
θB-θΑ difference between θ at the limit of normal swelling  
 and θ at  the air entry point, i.e. range of θ in the  
 normal shrinkage zone 
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Table 3.10.2: Soil properties in surface (Ah and E) and Bt horizons of the studied soils 
 
Typic Natraquoll, General Guido Series 
Horizon Depth Structure Clay  Silt   pH org. C SAR 
   < 2 µm 2 - 50  µm    
 (m)   (% w/w) (in paste)  (% w/w)  
 Ah 0-0.13 subang. 
blocks 
22,8 41,3 6.0 3,5 6,8 
 Bt 0.21-0.32 prisms 34.0 36,7 7,2 0,5 17,4 
        
Typic Natraqualf, Chelforó Series 
Horizon Depth Structure Clay  Silt   pH org. C SAR 
   < 2 µm 2 - 50  µm    
 (m)   (% w/w) (paste)  (% w/w)  
  E  0-0.11 subang. 
blocks 
18,5 42.0 8,2 1,2 7,8 
  Bt 0.19-0.40 prisms 48,3 37,2 9.0 0,9 33,9 
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Table 3.10.3.  Shrinkage indices in clods of surface and Bt horizons of the soils of sites A  and 
site B. 
 
  Site A: Typic 
Natraquoll 
  Site B: Mollic 
Natraqualf 
  Site A vs Site 
B 
  General Guido Series   Chelforó Series     
  Horizons   Horizons   Surface Bt 
            
Indices Units A Bt P<  E Bt P<  signif. signif.
            
θB (m3 Mg-1) 0,410 0,715 **  0,580  0,955 ***  *** * 
            
θΑ (m3 Mg-1) 0,131 0,135 ns  0,215  0,127 *  ** ns 
            
n  0,572 0,840 *  0,642  0,924 *  ns ns 
            
r  -0,064 -0,027 ns  0,096  0,171 ns  ns ns 
            
νB (m3 Mg-1) 0,840 1,095 *  0,985  1,345 ***  ** ** 
            
νA (m3 Mg-1) 0,679 0,604 *  0,754  0,585 **  ns ns 
            
α (m3 Mg-1) 0,681 0,600 ns  0,751  0,560 *  ns ns 
            
PB (m3 Mg-1) 0,040 0,005 ns  0,030  0,015 ns  ns ns 
            
PA (m3 Mg-1) 0,159 0,089 *  0,159  0,078 ns  ns ns 
            
Pα (m
3 Mg-1) 0,291 0,220 *  0,371  0,180 ns  ns ns 
            
θB-θΑ (m3 Mg-1) 0,280 0,581 *  0,365  0,828 *  ** * 
            
 
***, **, and * mean significant differences between horizons at P < 0.001, < 0.01, and < 0.05, 
respectively. 
ns means not significantly different between soils 
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Table 3.10.4. Shrinkage indices in field soil cores of surface and Bt horizons of the Chelforó 
(Mollic Natraqualf) and the Guido (Typic Natraquoll)  soils, and percentage variations of these 
indices (∆%) from the clods to the field. 
 
  SURFACE HORIZONS  Bt HORIZONS 
Indices Units Chelforó ∆% Guido ∆%  Chelforó ∆% Guido ∆% 
θB (m3 Mg-1) 0,552  -4,8 0,455  11,0  0,538  -43,7 0,512 -28,4 
θΑ (m3 Mg-1) 0,344  60,0 0,283  116,9  0,316  148,8 0,236 75,5 
n  1,470  129,2 1,482  159,3  1,929  108,8 1,980 135,9 
r  0,280  193,0 0,082  -226,7      
νB (m3 Mg-1) 1,280  29,9 1,070  27,4  1,273  -5,4 1,239 13,2 
νA (m3 Mg-1) 0,977  29,6 0,815  20,0  0,845  44,6 0,691 14,5 
α (m3 Mg-1) 0,881  17,3 0,792  16,4      
PB (m3 Mg-1) 0,338  1026,7 0,235  487,5  0,355  2266,7 0,347 6840,0
PA (m3 Mg-1) 0,243  53,3 0,152  -4,4  0,149  92,3 0,075 -15,7 
Pα (m3 Mg-1) 0,491  32,3 0,412  41,6      
θB-θΑ (m3 Mg-1) 0,208  -43,0 0,172  -38,5  0,222  -73,2 0,276 -52,5 
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Table 3.10.5: soil specific volume (ν), volumetric water content (θv) and the specific volume of 
air filled pores  (P) in the Ah horizon of the Guido soil,  as a result of surface ponding (field 
experiment) and capillarity moistening. 
 
   ν  θv   P 
  (m3 Mg-1) (m3 m-3) 
Surface ponding before  1.35 b   0.250 c  0.462 a 
 during  2.23 a   0.322 bc  0.501 a 
 after  1.47 b   0.390 b  0.341 b 
     
Capillarity 
moistening 
  1.16 b   0.526 a  0.136 c 
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Figure 3.10.1. Theoretical shrinkage curve showing the different shrinkage zones, and the 
indices and derived variables of shrinkage. Symbols defined in Table 3.10.1. 
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Figure 3.10.2. Shrinkage curves of natural clods of surface (a and b)  and Bt horizons (c and d) 
of soils in sites A (Typic Natraquoll) and B (Mollic Natraqualf). 
 
  
 
187
 
 
Figure 3.10.3. Soil specific volume -  water content relationships from repeated core sampling 
in the field of surface (a and b)  and Bt horizons (c and d) of soils in sites A (Typic Natraquoll) 
and B (Mollic Natraqualf). 
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Figure 3.10.4.  Water table depth and volume of air filled pores in the upper three horizons of  
the soil of site A (typic Natraquoll). 
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Figure 3.10.5. Conceptual model describing the process of soil swelling because of air 
entrapment. a) before ponding: free water and air movements throughout the profile (bio-
opened system); b) during ponding: soil swelling by air trapped within water table perched  over 
the impervious Btk horizon (air-occluded system); c)  after ponding: soil shrinkage after perched 
water and water table decreases, and rapid air escape to the atmosphere.    
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3.11. Concluding remarks on Flooding Pampa soils 
 
The environmental conditions operating in the centre of the flooding 
Pampa, in particular the extreme soil hydric regime characterized by seasonal 
flooding – drying fluctuations, were the main factor that interacted with cattle 
trampling. During these cycles soils are undergo significant volume changes 
caused by swelling –shrinking mechanisms. Mineralogical analysis revealed that 
the studied soil has certain proportion of expansible minerals, but it is very far 
from having defined vertic features such as slickensides and drying cracks. So, 
the first hypothesis can be accepted in the sense that, effectively, soils change 
their volume by swelling and shrinking. Magnitude of volume changes was 
unexpectedly great for a non vertisolic soil, which at first sight was attributed the 
extreme water content variations during ponding and drying cycles. However, 
results found in Chapter 3.10 showed that air entrapment due to water table rises 
from depth and surface ponding was the main factor determining the swelling of 
soils. Taking this into account, the first hypothesis must be then accepted in part, 
since the extreme water regime was no the direct cause of great volume changes in 
the region. Instead, soil swelling was due to a process of air inflation, because of air 
entrapment between two wetting fronts (water table rise and surface ponding) 
during floods.  
 Cattle trampling effect interacted with that of soil volume changes, which 
lead to the expected (2nd hypothesis) seasonal damage – recovery periods of soil 
structural attributes. However, structural regime here found was opposed to that 
hypothesized. Results on standardized bulk density (Chapter 3.5), macroporosity 
(Chapter 3.6), and structural stability (Chapter 3.8) agree well. All them point out 
that soil structural parameters are damaged during dry summer periods, 
immediately after ponding, while recovery is produced during winter when soil is 
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ponded again.  This seasonal cycle is over imposed to that caused by ponding-
drying cycles on soil volume, and does not depend on soil bearing capacity. In 
fact, soil pores are crushed by trampling during summer when soil is harder. The 
depth affected by cattle trampling did not exceed 8 cm, which resembled other 
compaction processes in grazed grasslands and pastures.  
 The damaged soil pores and the aggregates both increase in size some 
months later, during the period of surface ponding. Trampling accentuated soil 
swelling during these periods, and no poaching damage was observed. Rather than 
being caused by simply trampling the wet soil, grassland posaching is mainly the 
result of the repeated action of cattle hooves over the wet soil that weaken 
progressively soil structure. This repeated action was not likely in the studied 
grassland, which is grazed by only 1 cow per hectare all year round. This low 
stocking rate is typical in most farms of the flooding Pampa that are devoted to cow 
– calf operations. Therefore, the non observation of poaching damage must be also 
due to the low stocking rates, as well as to the non ploughed condition of native 
grasslands. Interesting to note, in dairy farms of the north of the flooding Pampa 
where similar soils are periodically tilled to sow annual forages and stoking rates are 
higher, structural damage by poaching is often found. Concerning to this, the 
disappearance of agropyron plants found in Natralbolls of the Laprida region 
(Chapter 3.9) suggests that poaching damage could take place in this bad drained 
soil.   
 As proposed by the third hypothesis, soil aggregate stability followed the 
periods in which topsoil porosity is damaged and recovered. A conceptual model 
(Chapter 3.10) postulates decreases in structural stability resulting from crushing 
air-filled pores by cattle hooves. The structural recovery results from swelling, 
when the smaller aggregates created by trampling of dry soil are bound again 
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into larger structural units. Grazing effects on soil structural unit size were 
temporary and disappeared within the first year of grazing exclusion.   
Results in Chapter 3.7 indicate that the interaction between the influence of 
exchangeable sodium and water content during loading was not synergistic. Soil 
loading at saturation behaved as the unloaded soil. In such cases, the effect of 
exchangeable Na prevailed and soil modulus of rupture increased steadily. Soil 
loading at field capacity prevented modulus of rupture increases, above the 
threshold of SAR > 7. So, the expected Na threshold was only active when soil was 
compacted at field capacity. As a consequence, an attenuation of hardsetting 
behavior can be expected if the studied soil would be trampled in field moist 
conditions.  
From results obtained in the enclosed soils, it can be thought that previous 
to the introduction of domestic livestock in the region, soils were characterized by 
having permanently high structural stability. Cattle grazing gave way to a new 
stability regime in the region, which is characterized by variations on soil water 
content. The proposed conceptual model (Figure 3.8.2, Ch. 3.8) indicates that the 
ponding – drying cycle determines the periods when soil structural stability is 
affected by trampling. This only takes place when soil is dry, and new formed 
residual macropores are crushed by cattle hooves.  Soil structural recovery starts 
during autumn soil re-wetting and is completed during a winter flood, when soil 
swells at maximum because of air inflation processes. Due the seasonal character 
of this cycle, trampling effects on soil structural stability are temporary. 
Soil deterioration by trampling occurred in summer is deleted some months 
later by floods. This restorative role played by floods agrees with results obtained 
with grassland vegetation in the same place. After flooding several exotic (and 
unpalatable) species disappear, and tall grasses prevail in the canopy of grassland. 
This similar response of soil and vegetation indicates that, from an ecological point 
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of view, drought –an not flooding-  exerts a negative environmental impact in this 
area. 
The knowledge of a previous “environmental signal”, as well as a 
subsequent critic period, for the development of soil susceptibility to undergo 
structural damage by trampling, can be applied to design more appropriated grazing 
systems for these flooding soils.  In them, stocking rates must be regulated in dry 
periods, immediately a flood ended, when soil structural properties are expected to 
be affected. Grazing exclusion during summer could promote the maintenance of 
topsoil porosity, which was generated during the previous winter flood. In this way, 
native grasses could prevail over unfavorable exotic species in the native grassland, 
which could then support higher stock receptivity. 
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4. SOILS OF THE ROLLING PAMPA 
 
4.1. Specific antecedents. 
 
4.1.1. Their distinctive features: the mollic epipedon and the argillic horizon 
 
 The region is largely covered by Mollisols (US Soil Taxonomy), which are 
associated with different landscapes. Mollisols are generally characterized as 
soils with dark surface horizons (mollic epipedons) resulting from organic C 
incorporation. The terms mollic and Mollisol are derived from the Latin mollis, soft 
(Bell and Mc Daniel 2000).  Mollisols can form under multiple environmental 
conditions, and have often fertile surface horizons. They mostly correspond to the 
Chernozem soils of the Russian and older U.S. classification systems. Mollisols 
are among the most important soils for food and fibber production due to the 
relatively high levels of native fertility coupled to climatic conditions conducive to 
plant growth. This justifies why the rolling Pampa is the main cropland area of 
Argentina. 
On the basis of their moisture regime, there are different kinds of Mollisols 
in the region (Instituto Nacional de Tecnología Agropecuaria 1989). Most of them 
belong to the Udic moisture regime, thus being Udolls. These soils occur in 
humid regions having typically formed in late Pleistocene or Holocene deposits 
under tall grass prairie. Udolls are characterized by having moderate 
precipitation, well-distributed throughout the year (Bell and Mc Daniel 2000, Soil 
Survey Staff 1999).  Although the parent material is calcareous loess, the 
relatively high annual precipitation has completely removed CaCO3 from the 
upper 175 cm. Calcium is still the dominant soil cation and, with Mg, occupies 
most of the cation exchange capacity (CEC) (Bell and Mc Daniel 2000). 
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The genesis of Mollisols can be discussed from the perspective of factors 
and processes of soil formation. In the factor approach applied by Jenny (1941, 
1980),  Mollisols are distinguished -to a large degree- from other soils on the 
basis of organisms, or more specifically, the overriding effects of grassland 
vegetation.  Most soils classified as Mollisols had grassland vegetation at some 
time during their development.  The mixing and incorporation of organic matter 
within the mollic epipedon have been also attributed to faunal activity. Of 
particular importance are burrowing organisms, such as gophers, worms and 
ants (Bell and Mc Daniel 2000).  
 
The mollic epipedon and grassland Mollisols 
 
 From the perspective of soil processes, the accumulation of organic C in 
the upper soil profile is the salient morphological feature distinguishing Mollisols 
from other soil orders. Rates of annual root production and decomposition in 
grasslands results in high rates of organic C turnover in the soil to depth 
approaching 50 to 100 cm (Dahlman and Kucera 1965, Dormaar and Sauerbeck 
1983). Photosynthesis and other metabolic processes in grassland vegetation 
quickly transport organic C to dense and fibrous root systems. Related research 
has demsotrated that  the greatest biomass production in grassland ecosystem is 
below ground (Lauenroth and Whitman 1977, Jenny 1980). Once added to the 
soil, organic materials undergo further decomposition by complex, microbially  
mediated processes that results in the formation of a relatively stable organic 
fraction. Due to the large annual additions of C to Mollisols, and subsequent 
cycling, an active (bioavalilable) as well as a very stable (labile) organic fraction 
are built. The humus contained in Mollisols appears to be more stable than that 
found in other soils (Stevenson 1994), which is possibly related to the chemical 
 198
composition of grasses and soil parent material. The combination of humic 
substance in the presence of calcareous soil parent material results in the 
formation of Ca humates that are thought to bind silicate grains to organic C 
which becomes stabilized (Stevenson 1994). Formation of these complexes 
increases the resistance of SOM to physical disintegration, chemical extraction, 
abd further biological change through microbial decomposition (Oades 1989, 
Stevenson 1994).  As much as 80 % of the organic C in a mollic epipedon may 
be closely associated with the mineral fraction  (Greenland 1965, Mc Keague et 
al. 1986).  The oldest mean residence time (MRT) of organic fractions measured 
in soils are associated with Mollisols and Histosols (Oades 1989), for example, 
between 1255 and 2973 years for Molliols in Canada and the United States 
(Anderson and Paul 1984).  
 The stabilization of organic C in Mollic epipedons is also facilitated by soil 
clays. Organic C associated with fine clays is protected form further rapid 
decomposition lengthening the turnover time of otherwise labile humic 
substances from days to months, years, or even decades (Anderson and Paul 
1984).  Anderson (1979) found that as much as 50 % of the total humus is some 
grassland is associated with clay.  From these and other studied, it appears that 
texture is an important factor in determining the stable level of organic C in 
Mollisols as well as other soils. However, it is temperature rather than moisture 
that becomes the determining factor in establishing an equilibrium SOM content.   
 
The argillic horizon and clay transportation 
 
 In the rolling Pampa Argiudolls are the most representative Soil Great 
Group (US Soil Taxonomy) of Udolls. This Great Group typically results form the 
action of humid or subhumid climate over loessian materials in well drained 
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positions. The well expressed sequence of horizons (Ah – BA – Bt – BC - C), the 
organic C enrichment in its A horizon and the increase of clay in the Bt horizon 
are distinctive features of this Great Group.  The argillic horizon has clay loam to 
clayey texture, and more than 70 cm thickness, and the whole solum may reach 
120 cm.  The thickness of Bt horizon is related to mean annual rainfall, which are 
higher in rolling Pampa as compared to other pampean subregions (Instituto 
Nacional de Tecnología Agropecuaria 1989).  
 Argiudolls are vertic in the northeast of the region, where parent material 
is finer. They are transitional soil to the Vertisol Order, which prevails in Entre 
Ríos province. As Vertisols, vertic Argiudolls also have high clay contents, 
slickensides and cracks. The predominant clay mineral is montmorillonite, unlike 
typic Argiudolls in which illite prevails (Iñíguez and Scoppa 1970). 
 The Great Group of Hapludolls appears at west of the rolling Pampa, and 
is typical of areas where parent materials are coarser than loess. They lack a Bt 
horizon, because of the high resistance of sandy materials to weathering 
processes, the lower mean annual rainfall, and the permanent deposition of 
aeolian deposits form the west (Instituto Nacional de Tecnología Agropecuaria 
1989).  In them, clay transport is little important or null, and can be considered a 
younger evolution phase of Argiudolls (Duchaufour 1984, p. 272).  
 The movement and accumulation of clay are common soil-forming 
processes that occur in soils occupying relatively stable landscape positions. 
Clay translocation causes differences in soil texture that can affect soil water 
movement and the subsequent genesis of certain soil morphological features. In 
general terms clay minerals are composed by a mixture of illite and 
montmorillonite. The latter are smaller (e.g. 0.2 µm) and are more mobile and 
form argilans. They are transported in combination with humus, thus giving way 
 200
to the typical clay skins of argillic horizons in Argiudolls (Duchaufour 1984, p. 
273.).  However, micromorphological evidences of clay illuviation were not always 
found in Mollisols commonly described as having argillic horizons. (Bronger 
1991). It was suggested that increased clay contents in Mollisol subsoils are 
either lithologic discontinuities or are polygenetic in origin and, as such, are relict 
features that formed under older and moister climates (Bronger 1991). These 
discontinuities were described by Tricart (1973), in the geomorphology of the 
flooding Pampa.  
 
4.1.2. Soil physical degradation and its causes in the rolling Pampa 
 
 The evolution and surface anthropic degradation of pampas soils has 
been well documented (Michelelena et al. 1988, Pilatti et al. 1998, SAGyP - CFA 
1996, Senigagliesi and Ferrari 1993). Soil physical degradation is enhanced by 
the high susceptibility of A horizon to form massive structures, surface crusts and 
losses of structural porosity. This degradation is accentuated by the combination 
of natural factors (soil texture and heavy rainfalls) and made man factors 
(Pecorari 1988 a, b). Topsoil horizons tend to form layers with continuous 
structure, mainly in soils that are not rotated with pastures (De Batista 2005, De 
Batista et al. 1993, Stengel 1988). These effects limit establishment of seedlings, 
and decrease soil infiltration rates. This increases surface runoff and water 
erosion losses.  
Soil bulk density values are often very low, which is due to the extremely 
low particle density of the fine silt (2 – 20 µm) fraction (2.44 Mg m-3), as 
compared to the density of quartz (2.65 Mg m-3). This characteristic is explained 
by the occurrence of amorphous silica (SiO2.nH2O) in volcanic ashes, or by the 
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silica originated in cells of grasses.  This vegetation has high content of silica in 
leaves organs, which result in the formation of phytollites after pedological 
evolution (Tecchi 1983, Twis et al. 1969).  Grass prairies are great producers of 
phytoliths, which are mostly concentrated in A horizons (Jones and Beavers 
1964). Pecorari et al. (1990) found that about 50 % fine silt particles in A horizons 
of a Typic Argiudoll are hydrated silica particles of vegetal origin. Soil phytoliths 
account for by 17.9 – 41.2 % fine silt fraction, which represents 7.9 – 16.7 % bulk 
soil. These are higher values than in other prairie soils. These materials are 
characterized by their high lacunar porosity, which conferees them low 
mechanical resistance, and hence, high structural fragility (Cosentino and 
Pecorari 2002).  This explains why Pampas’s soils are so susceptible to structural 
deterioration under the combined effects of conventional tillage systems and 
rainfall. 
Unless  those soils of plane areas, which maintain good fertility conditions, 
two soil degradation phases can be found in soils of the rolling Pampa:  
a) Soils located in sloping areas (i.e. moderate degradation), in which 
conventional tillage decreased significantly their organic C contents 
and are affected by moderate (or incipient) water erosion losses. 
This soil degradation level can be recognized by lesser thickness in 
A horizons and up to 56 % organic carbon, as compared to original 
or pristine situations (Michelena et al. 1988);  
b) Soils affected by great water erosion losses (i.e. severe degradation), 
which show shallow A horizon. These situations are rather located in 
areas affected by rill and gully erosion (see photos in Figures 4.1.1 and 
4.1.2). The processes leading to severe erosion losses are closely 
associated to the generalized use of conventional tillage systems (e.g. 
mould board and disc ploughs, harrow disks, etc), which remove and 
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turn down the whole arable layer and do not leave crop residues over 
soil surface (Logan et al. 1991, Unger 1990). Topsoil texture was often 
changed, because of the mixture of shallow A horizons with the below 
lying Bt horizon during tillage (Logan et al. 1991). 
 
4.1.3. The adoption of zero tillage systems 
 
Taking into account this scenario of generalized soil physical degradation 
and water erosion losses, the farmers of the region adopted zero tillage (ZT) 
systems in replacement of the more destructive conventional tillage (CT) 
systems. The widespread adoption of ZT was also due to economical reasons, 
such as the increase of fuel prices and the decrease of herbicides prices during 
the ’90 decade (Díaz Zorita et al. 2002, Satorre 1995). After long term continuous 
ZT, soil properties are expected to behave like in native ecoystems. For example, 
organic C increases and the creation of biopores are expected to occur (Unger 
1990). Despite, this is not always observed in zero tilled silty loams which tend to 
behave actually like “problem” soils under continuous ZT. Instead of the expected 
more favourable porosity and structural behaviour, they often show shallow 
compaction and laminar aggregation in their topsoils (Bonel et al. 2005, Díaz 
Zorita et al. 2002, Sasal et al. 2005). This indicates that the simple adoption of 
ZT, without taking into account other important factors like crop rotations, 
pastures, and so on, do not necessarily leads to a desirable soil structural 
behaviour in Pampas topsoils. 
ZT equipments only remove a narrow strip of soil is removed to bury 
seed and fertilizers (Figure 4.1.3). Crop residues are then maintained over soil 
surface after harvesting, which avoid the impact of heavy rains. In the rolling 
Pampa (and in Argentina), farmers increasingly adopted zero tillage systems in 
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the last 15 years (Figure 4.1.4). The adoption of ZT was not similar to all crops, 
but mainly to plant soybean as a full season crop or as a double crop after wheat 
(Figure 4.1.5). However, not always this technological change was successful. 
Lower crop yields were often found in wheat crops planted with ZT, as compared 
to CT systems in the rolling Pampa (Alvarez and Grigera 2004, Ferrari 1998, 
Gudelj et al. 2001).  
The response of rolling Pampa soils to ZT is contradictory. Several 
authors observed significant increases in soil structural stability, and measurable 
improvement in hydraulic parameters after a number of years under continuous 
ZT and pasture (Chagas et al. 1994, Pilatti et al. 1988, Santanatoglia and 
Fernández 1983, Vázquez et al. 1990). However, other authors attributed yield 
decreases in maize and wheat to shallow compaction promoted to ZT (Leiva and 
Hansen 1984, Zeljkovich 1992; Senigagliesi and Ferrari 1993, Totis de Zeljkovich 
et al. 1993). Because of this, about a half of farmers do not adopt ZT as full 
season system but only to plant soybean after wheat harvesting. Soil loosening 
by paratill is increasingly adopted in last years (De Battista et al. 2005). It can be 
then thought that silty loams of the rolling Pampa have low structural 
regeneration capacity under continuous ZT. This restricts a major adoption of ZT 
systems in the region. 
 
4.1.4. Soil aggregation mechanisms 
 
Soils differ in their capacity to regenerate a  damaged structure. This 
depends on the action and effectiveness of processes responsible to form and 
stabilize aggregates and pores (Dexter 1988, Kay 1990, Oades 1993). A detailed 
description of such processes was provided in Chapter 1. The differentiation of 
 204
abiotic and biotic mechanisms of soil aggregation is not easy. In many cases a 
particular soil structure is formed by a given mechanisms and stabilized by other. 
Both, formation and stabilization mechanisms can act simultaneously, but in 
loams (15 – 35 % clay) it is frequent that aggregate formation precedes 
aggregate stabilization (Oades 1993). 
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Figure 4.1.3 a Zero tillage equipmemt, showing 
separated boxes for seed and fertilizers. 
 
 
Figure 4.1.3 b. View in detail of seeding organ 
of a ZT equipment. 
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Figure 4.1.4. 
Evolution of area 
cropped with zero 
tillage in 
Argentina. 
Source: 
Asociación 
Argentina de 
Productores en 
Siembra Directa 
(AAPRESID) 
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Figure 4.1.5. Evolution of the 
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4.2. Specific objectives and hypothesis 
 
 The specific objectives were to investigate: 
a) soil physical conditions and crop responses in short-term and long-term 
zero tilled soils of the rolling Pampa;  
b) soil abiotic anb biotic aggregation mechanisms in silty loams under 
different soil degradation levels. 
 
Working specific hypothesis were: 
a) sandy loams (Hapludolls) respond better than silty loams to ZT 
(Argiudolls), in terms of their physical properties; 
b) Crop root growth follows the same trend than soil physical properties in 
these soils; 
c) Aggregate and pore regeneration depends on the occurrence of 
expansible clay minerals in silty loams. Biotic stabilization mechanisms 
are expected to prevail in pasture (non degraded) topsoils, while abiotic 
formations mechanisms are expected to prevail in severely degraded 
(textural mixture) shallow topsoils. 
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4.3. Study areas and methods 
 
4.3.1. Experimental sites 
 
 To meet the proposed specific objectives, two different kind of studies 
were performed: 
 
Specific objective a): 
 
 Soil physical conditions and crop responses in short-term and long-term 
zero tilled soils were studied by means of different field experiments (Figure 
4.3.1). They were carried out in production farms of the region, and the 
experimental approach consisted in comparing three nearby field lots subjected 
to different management regime:  
a) Pasture: it was generally ancient pasture, excluded form livestock grazng 
during the last years and in which soils have not been ploughed in the last 
decades. This situation is thought to resemble that of pristine grasslands 
of the region, and represents the original soil condition; 
b) Conventional tillage, CT: the soil has been long term conventionally tilled 
(e.g. mould board- and disc- plough, harrow disk, etc.), and crop residues 
are periodically buried into the soil. An arable layer can be distinguished, 
and soil surface remain bare during fallow periods. Weed control is 
predominantly mechanical, and herbicides use is restricted and 
occasional; 
c) Zero tillage, ZT:  the soil was continuously zero tilled during different 
number of years (as depending if it is a short term or a long term study of 
ZT effect). Only a narrow strip of soil surface is opened a removed to bury 
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seeds and fertilizers. Weed control is predominantly by herbicides (e.g. 
glyphosate), and soil remain covered by residues throughout the year. 
 
This experimental approach was used in three different studies (Figure 4.3.1), 
which are shown by different chapters: 
a) the comparison of compaction induced by conventional and short-term 
zero tillage in two soils of the  Rolling Pampa (Chapter 4.4), which was 
carried out in two sites: Bragado (Buenos Aires province) and Peyrano 
(Santa Fe province); 
b) the study of soil physical properties and soybean root abundance in 
conventionally- and long-term zero-tilled soils, which was carried out in 
four sites: Bragado and Pérez Millán (Buenos Aires province),Peyrano 
(Santa Fe province), and Yeruá (Entre Ríos province); 
c) the study of soil physical properties and maize root abundance in 
conventionally- and long-term zero-tilled soils, which was carried out in 
three sites: Chivilcoy, Villa Lía and Pérez Millán (Buenos Aires province); 
 
 The compared field lots were adjacent and had received similar 
management previous to the implementation of zero tillage. The area sampled in 
each lot was about 1 ha, and wheeled areas were avoided. This knowledge 
allowed the assumption that both lots had the same soil properties prior to the 
start of the experiment and therefore the observed differences were attributed to 
the treatments.  As the treatments were not replicated the implied level of 
statistical inference does not go beyond the soil types examined in this study 
(Hurbert 1984, Webster 1992).  
 
Specific objective b): 
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Soil abiotic and biotic aggregation mechanisms were investigated by 
characterizing soil volume changes in three defined degradation levels, caused 
by different soil management regimes and by means of a greenhouse pot 
experiment. In this experiment studied soil was the  A horizon of an illitic, termic, 
Peyrano series (Typic Argiudoll {US Soil Taxonomy}; Luvic Phaeozem {FAO Soil 
Classification}), which was sampled at Uranga, Province of Santa Fe (33 ° 15’ S; 
60 ° 43’ W) (Figure 4.3.1).  
Figure 4.3.2 shows idealized soil profiles characterizing the three study 
situations. Most soils have undergone significant organic carbon losses, which 
caused the deterioration of topsoil structure (Moderate degradation). The most 
serious degradation process is water erosion (Senigagliesi and Ferrari, 1993). 
Soil losses by laminar erosion shallowed A horizons, which often become mixed 
with the underlying Bt horizon during ploughing (Severe degradation). The study 
was subdivided in three chapters which studied: 
a) shrinkage of drying clods, which were sampled in three different 
degradation levels or simulated management regimes; 
b) mechanisms of aggregation in the same management regimes under  
greenhouse conditions; 
c) crack development by wetting-drying cycles under greenhouse conditions. 
 
4.3.2. References 
 
Hurlbert S.H., 1984. Pseudoreplication and the design of ecological field 
experiments. Ecological Monographs 54, 187 - 211. 
Webster D.B., 1992. Viewpoint: Replication, randomisation, and statistics in 
range research. Journal of Range Management 45, 285 - 290.
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Figura 4.3.1. Map of the north of the Pampean region, in which the experimental sites for zero 
tillage studies are shown. 
Chivilcoy (Serie O’Higgins) 
Villa Lía (Serie Portela) 
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Figure 4.3.2. Idealized scheme showing a transition of soil profiles, from 
non degraded (Pasture or Sod), to moderately degraded and severely 
degraded conditions.  
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4.4. Comparison of compaction induced by conventional and short-term 
zero tillage in two soils 
 
 
4.4.1. Introduction 
 
 Sands and loams often develop shallow compaction in the short term 
when changed  from conventional tillage (CT) to continuous zero tillage (ZT), as 
indicated by increased bulk densities and penetration resistances and decreased  
macroporosities  (Carter 1990, Hill et al. 1985, Logan et al., 1991,  Pierce et al. 
1994). This shallow compaction results mainly from the collapse of the larger soil 
pores, under the action of external or internal stresses exerted on the soil (Hill et 
al. 1985). The magnitude of compaction can be characterised by relative soil bulk 
density that is bulk density referred to the maximum compaction obtained in 
Proctor tests (Carter 1990, Thomas et al., 1996). Relative compaction values as 
high as 0.90 have been found in non tilled sandy loams (Carter 1990). Recently, 
Thomas et al. (1996) pointed out that shallow compaction would not represent a 
problem in the long-term for non tilled silty loams, as long as high organic carbon 
contents are maintained in surface layers preventing from high densities. It was 
found that silty loam soils require three to four years to recover from compaction 
and regain more favourable topsoil porosity under permanent conservation tillage 
or none ploughing (Pierce et al. 1994, Voorhees and Lindstrom 1984). In the long 
term, the accumulation of organic carbon in surface soil layers provides a more 
favourable structural form in the topsoil (Alvarez et al. 1995, Logan et al. 1991, 
Thomas et al. 1996). Compaction becomes excessive at: a) air-filled porosity < 
10 % which may restrict biological activities, and b) penetration resistance > 2 
MPa which is assumed critical for root penetration (Gupta and Allmaras 1987). 
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Critical penetration resistance may result either from bulk density increases or 
water content decreases, and it depends upon the type of root system and the 
type of penetrometer (Gupta and Allmaras 1987). 
 The Rolling Pampa of Argentina is a cropland area, which is affected by 
widespread moderate physical and chemical degradation (Michelena et al., 1988, 
Senigagliesi and Ferrari, 1993). Soil degradation has been usually related to the  
long-term generalised use of conventional tillage, coupled with the relative recent 
replacement of maize (Zea mays L.) and pastures by soybean  (Glycine max [L.] 
Merr.).  Soil organic matter decreases from about 70 to 30 g kg-1 largely favouring 
the occurrence of surface crusting, increased runoff and decreased water holding 
capacity (Michelena et al. 1988, Senigagliesi and Ferrari 1993). In the subsoil, long 
term conventional tillage has often led to the formation of induced plough pans 
(Krüger 1996, Senigagliesi and Ferrari 1993).  In response to this generalised soil 
degradation, in recent  years the farmers have adopted zero tillage among other 
conservation systems. However, this change has not always been profitable as 
wheat (Triticum aestivum L.) and maize grain yield decreases were reported in non 
tilled silty loam soils (Senigagliesi and Ferrari 1993). These grain yield decreases 
are believed to be caused by shallow compaction, an idea which is based on the 
higher penetration resistances often found in zero tilled topsoil in relation to similar 
conventionally tilled ones (Chagas et al. 1994, Krüger 1996, Senigagliesi and 
Ferrari 1993). Little is known about soil tillage effects on soil pore size 
distribution. In this paper the aim is to compare the degree of compaction obtained 
in a sandy loam and a silty clay loam of the region under long-term conventional 
tillage and short-term zero tillage. The initial state before permanent cultivation in the 
silty clay loam soil was inferred from the pore size distribution in a permanent sod.  
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4.4.2. Materials and Methods 
 
Soils and tillage  
 
 The study was carried out in two  farms of the Rolling Pampa. This region 
has a subhumid (annual rainfall ≈ 1000 mm) and temperate climate, and it is 
covered by loess soils characterised by their high initial fertility (Michelena et al. 
1988, Senigagliesi and Ferrari 1993).  There were two places of sampling (Figure 
4.3.1). In the south (35° 4’ S and 61 ° 31’ W), the soil was a coarse, loamy, termic 
Bragado Series (Typic Hapludoll [Soil Taxonomy]; Haplic Phaeozem [FAO Soil 
Classification]). It has a sandy loam Ah horizon (0  to 0.30 m; sand= 78.4 % and  
clay=  13.7 %),  which overlies a  Bk  horizon (0.30 to 0.58 m). In the north (33 ° 
15’ S  and 60 ° 43’ W), the soil was a fine, illitic, termic  Peyrano Series (Typic 
Argiudoll; Luvic Phaeozem). It has a silty clay   loam Ah horizon (0 to 0.18 m; 
silt= 58.1 % and clay= 26.4 %), which overlies a silty loamy clayey BA horizon 
(0.18 to 0.31 m) and a clayey Bt horizon (0.31 to 0.95 m). Topsoil mineralogy is 
mainly composed of illite and phytoliths in the clay (< 2 μm) and silt (2-20 μm) 
fractions, respectively (Pecorari et al. 1990).  
 In each site, paired plots of the same soil were compared under 
contrasting tillage treatments: (1) long term conventional tillage (CT),  
mouldboard plough at 0.15 m depth and two passes of tandem disk harrow at 
0.10 m depth and spike-tooth harrow, continuously applied over the last 25 years. 
After seeding weeds are mainly mechanically controlled (rotative harrow and row 
cultivator). (2) Zero tillage (ZT), using a zero till planter in the last four years after 
long-term CT, with weeds controlled by herbicides.  
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 Results of the zero tilled Peyrano soil were compared to (3) a permanent 
sod consisting of a plot left unploughed and none grazed for several decades. 
This can be regarded as a quasi-pristine condition of this soil.  
 
 
Methods 
 
 At the beginning of the study, samples (3 mean three replicates per soil) 
were taken from the top 10 cm of the Bragado and the Peyrano soils, and the 
permanent sod. These samples were subjected to Proctor tests (Burke et al. 
1986). For each soil and tillage treatment, the 0 - 5 cm and 5 - 10 cm layers were 
characterised in terms of their organic carbon content by the Walkley and Black 
method (Nelson and Sommers 1982). In May 1994, ground cover by stubble was 
determined as a surface / surface ratio from the mean of 10 determinations 0.20 
m each along 2 m long field transects. Ten replicates of these transects were 
located at random in each soil x tillage treatment. Soil structure type was also 
characterised (Burke et al., 1986). At the times of soybean sowing (December 
1993)  and seedbed preparation for wheat  (May 1994), ten soil cores of 6 cm 
diameter; 0 - 5 cm and 5-10 cm depth were systematically  collected at 30 m 
spacing along  300 m  field transects. Systematic sampling allowed an easier 
location of sampling points in the field, in order to ensure a better comparison 
between dates. Samples were taken from inter-rows (0.7 m width), thus excluding 
wheel tracks and seeding rows from the samples to avoid compaction sources 
other than tillage. In these samples, soil gravimetric water content by oven-drying 
(θw) and bulk density (δb) by the core method (Burke et al. 1986) were 
determined. At three points of each transect, undisturbed topsoil samples were 
collected to determine their  pore size distribution by  the water desorption 
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method (Danielson and Sutherland 1986). Pore size classes can be defined by 
this method, as swelling is negligible in both of these topsoils (Barbosa et al. 
1997). 
 In May 1994, before soybean harvesting, three pits were excavated in non 
wheeled inter-rows (0.7 m width) in the CT and ZT plots of each soil. In one 
profile wall of each pit, two soil cores of 6 cm diameter were taken at different soil 
depths (5, 10, 15, 20, 30 and 40 cm) to determine θw and δb in the same sample 
(Burke et al. 1986). In other wall of the pits, soil PR was calculated from the 
mean of 10 measurements using a Proctor penetrometer with a set of needles 
with flat circular heads of  0.32 to 3.22 cm2 end area, which penetrated at a rate 
of 2.54 cm s-1  for a distance of 7.62 cm (Davidson 1965).   
 
Statistics 
 
 Results in each soil were statistically evaluated by ANOVA, by 
discriminating the effects caused by tillage treatments, sampling dates and soil 
depths. Significantly different means were separated using the Duncan test 
(Montgomery 1991). 
  
 
4.4.3. Results and discussion 
 
Topsoil 
 
Soil structural form did not change from  conventionally tilled to zero tilled 
plots. In the Bragado soil both 0-5 cm and 5-10 cm layers had  fine weak blocks, 
while in the Peyrano soil the 0-5 cm layer had platy  structure and the 5 -10 cm 
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layer fine moderate blocks. Platy structure is the result of laminar water flow over 
aggregate surfaces (Michelena et al. 1988).  Under permanent sod, the whole Ah 
horizon of the Peyrano soil had fine moderate blocks.  
Ground cover by stubble was significantly higher in ZT (87 - 100 %) than 
in CT plots (10-15 %). Soil organic C did not change significantly from 0-5 cm to 
5-10 cm layers, as well as in CT and ZT plots (Table 4.4.1). A slightly lower 
organic C content was observed in the non tilled Bragado soil, however. Probably 
the time period under continuous ZT still was too short to allow soil organic 
matter stratification or accumulation in surface layers (Alvarez et al.1995, Logan 
et al. 1991, Thomas et al. 1996). Under permanent sod the Peyrano soil had 
around 70 % more organic C (23.7 g kg-1) than both cropped plots. 
 Soil maximum density obtained from Proctor tests was slightly higher in 
the Bragado (1.61 Mg m-3) than in the Peyrano (1.55 Mg m-3) soils, and it was the 
lowest in the permanent sod of the Peyrano soil (1.38 Mg m-3). This shows the  
influence of its high organic carbon content (Gupta and Allmaras1987, Thomas et 
al. 1996). Soil relative compaction never exceeded 0.85, which is lower than 
values reported elsewhere by Carter (1990).  In the Bragado soil, RC was the 
same in both tillage treatments and layers, while in the Peyrano soil relative 
compaction was always significantly higher in the ZT plot and in the 5 -10 cm 
layer (Table 4.4.1).  
 Pore size distribution was classified in three pore size classes, which 
correspond to large and fine macropores (> 100 μm and  100-50 μm, 
respectively)  and large mesopores (50-20 μm) as defined by J.M. Oades (Kay 
1990). Pore volume > 50 μm is responsible for soil aeration and fast drainage 
processes, while the larger macropores (i.e. >100 μm) represent free spaces 
where primary roots of cereals can grow (Hamblin 1985, Kay 1990). In the 
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Bragado soil, pore size distribution was mainly concentrated in the 100-50 μm 
and the 50-20 μm size classes (Figure 4.4.1 a through d). The 0 - 5 cm layer had 
significantly higher pore volume in December 1993 (summer) than in May 1994 
(autumn). There is no clear explanation for the cause of this unlike porosity, but 
the probability of seasonal differences in biological activity can not be discarded 
in this sandy loam topsoil (Kay 1990). Except for the slight decrease in the large 
macropores from CT to ZT in December 1993 (Figure 4.4.1 a), no other evidence 
of shallow soil compaction was observed in the Bragado soil. This lack of 
compaction agrees with results of RC in this topsoil (Table 4.4.1). The Peyrano 
soil had lower pore volume, but it was distributed homogeneously between the 
pore size classes studied (Figure 4.4.2 a through d). Except for  the higher pore 
volume in the CT plot in December 1993 in the 5 - 10 cm layer, which can be 
likely attributed to the creation of unstable macropores by tillage when preparing 
the seedbed for soybean, no other significant effect by zero tillage on pore size 
distribution was observed. It is interesting to note that  under permanent sod, the 
Peyrano soil had a  similarly low volume of fine and large macropores. Only the 
large mesopores had significantly higher volume in the permanent sod  (Figure 
4.4. 2 b and d). 
 
Soil profile 
 
In the Bragado soil, δb and PR were affected by highly significant (P< 
0.001) tillage x depth interactions (Figure 4.4.3 a and b), and θw did not differ 
significantly between treatments below 0.1 m depth (Figure 4.4.3 c). Under 
conventional tillage, both δb and PR increased significantly from surface to 0.20 
m depth. This subsoil compaction is attributable to the repeated mouldboard 
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ploughing during the previous 25 years, as was also found in other sandy loams 
of the region by Krüger (1996). This induced plough pan was alleviated under 
zero tillage. Taking into account its low clay content (< 15 %), compaction 
alleviation cannot be ascribed to the action of natural wetting and drying cycles in 
the absence of ploughing in this sandy loam (Logan et al. 1991). This 
regeneration process could be regarded as a consequence of the creation and 
stabilisation of soil macropores by rhizospheric effects (Kay 1990). In the top 0.15 
m, zero tillage increased significantly the soil PR (Figure 4.4.3 b), which was 
associated neither with bulk density increases (Figure 4.4.3 a) nor water content 
decreases (Figure 4.4.3 c). Moreover, even when θw was significantly lower at 
0.05 m depth in the CT plot, soil PR did not increase. Taking into account that the 
pore size distribution of the topsoil was not affected by tillage either (Figure 4.4.1 
a through d), the high penetration resistance of this non tilled  sandy loam cannot 
be ascribed to shallow compaction (Carter 1990, Hill et al.1985, Logan et al. 
1991,  Pierce et al. 1994) but rather to soil hardening.  
This process could be considered a consequence of ageing of 
undisturbed agricultural topsoils (Utomo and Dexter 1981). In a first phase, 
ageing consists in the re-accommodation of clay particles, and  in a second 
phase, in cementation between particles  (Utomo and Dexter 1981).  Penetration 
resistance values observed in the upper profile of the non tilled Bragado soil were 
several times higher than the threshold of 2 MPa (Gupta and Allmaras 1987; 
Hamblin 1985). Taking into account that most of the zero tilled profiles were 
moist when sampled (Figure 4.4.3 c), even higher PR values may be eventually 
reached at drier soil conditions (Gupta and Allmaras 1987). Despite this, in the 
same site Scheiner et al. (1997) found no significant effects on soybean root 
biomass because of the passage from CT to ZT. The lack of deleterious effects 
on soybean roots can be related to the maintenance of a relatively constant 
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macroporosity level, little affected by tillage (Figure 4.4.1 a through). Besides, the 
sum of pore volumes > 50 μm matched the critical limit of 10 % (Gupta and 
Allmaras 1987). Therefore, the high PR values did not result in the development 
of mechanical constraints to crop roots in this sandy loam.  
In the Peyrano soil, δb did not differ between tillage treatments throughout 
the profile (Figure 4.4.3 d), which did not agree with the significant RC 
differences found in topsoil (Table 4.4.1). This inconsistency was probably 
caused by different sampling moments in the same month. The profiles were 
sampled before soybean harvesting, with the conventionally tilled soil settled, 
while topsoil RC was measured a couple of weeks later at the times of seedbed 
preparation for wheat. However, the low bulk density values (< 1.3 Mg m-3) are 
comparable to others measured in silty loams of the region (Chagas et al. 1994, 
Senigagliesi and Ferrari 1993). Despite the fact that bulk density did not vary, soil 
PR was significantly increased by ZT above 0.15 m depth (Figure 4.4.1 e). This 
behaviour was similar to that observed in the sandy loam, and like this soil, PR 
increases above 2 MPa in the silty clay loam were not caused by uneven SWC 
either (Figure 4.4.3 f).  
In the Peyrano soil, the sum of pores > 50 μm was seldom higher than 3 
% of the volume (Figure 4.4.2 a through d). Shallow compaction could not occur 
here because the tilled soil had not sufficient amount of large pores susceptible 
to collapse when zero tillage started (Hill et al. 1985).  Therefore, PR values > 2 
MPa may in this case result in the development of mechanical constraints to 
plant roots. In fact, the manager of this farm reported yield decreases after  full 
season zero tillage cropping (J. Staffolani, personal communication). As the 
amount of pores > 100 μm is low, plant roots must either enlarge pre-existing 
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smaller soil pores or penetrate soil aggregates in order to proliferate through the 
profile (Hamblin 1985). 
  The soil self-regeneration capacity is an important characteristic for 
defining soil suitability to be managed under full season zero tillage, since 
diminished tillage also diminish the extent of mechanically formed macropores 
(Kay 1990, Pierce et al. 1994).  The permanent sod closely represents the 
situation of the Peyrano soil several decades ago, before the introduction of 
conventional agriculture. Such a situation can be considered the possible 
condition of maximum recovery of soil properties. Compared to the ZT plot, the 
permanent sod had about  60 % more organic C and lower maximum density. 
However, the ZT plot and the sod had essentially the same macroporosity  
(Figure 4.4.2 b and d). This result indicates that the studied silty loam has a low 
probability of recovering its topsoil porosity after several years of zero tillage 
(Pierce et al. 1994, Voorhees and Lindstrom 1984), because it had low 
macroporosity even in its pristine condition. So, the idea that high organic carbon 
contents in surface layers would prevent high densities, and hence mechanical 
constraints to crops (Krüger 1996, Thomas et al. 1996) is not suitable for this 
studied silty loam. The regeneration of soil pores is strongly related to microcrack 
formation during wetting and drying (Kay 1990). We think this process can be of 
little importance to our studied silty clay loam soil. Its prevailing fine silt fraction, 
composed of a high percentage of syllico-phytoliths, and its illitic type of clay are 
both characterised by their non existent or very small swell-shrink potential 
(Barbosa et al. 1997, Pecorari et al. 1990). The low macroporosity of the Peyrano 
soil must then be attributed to genetic causes and not to management.  
 
4.4.4. Conclusions 
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a) Zero tillage did not affect bulk density, relative compaction, and pore size 
distribution significantly, but a significant increase of penetration resistance of 
the topsoil was observed in the sandy loam and the silty clay loam. These 
penetration resistance increases could not be attributed to shallow compaction 
but probably to soil hardening. 
b) The sandy loam maintained a relatively constant high macroporosity level, 
little affected by tillage  in the topsoil, while zero tillage alleviated an induced 
plough pan in the subsoil. 
c) The silty clay loam had low macroporosity even in its pristine condition. In 
order to prevent the development of mechanical constraints to crops, this soil 
must be either periodically ploughed or maintained moistened through 
irrigation. 
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Table  4.4.1. Soil organic carbon (org C) and relative compaction (RC= field bulk 
density / maximum density in Proctor test) in conventionally tilled (CT) and zero tilled 
(ZT) plots of the Bragado and the Peyrano soils. 
 
  Soil org C  
(g kg-1) 
 Soil relative compaction  
     December 1993 May 1994 
Soil Layer CT ZT  CT ZT CT ZT 
Bragado 0-5 cm 10.3 a  9.6 a  0.71 a 0.77 a 0.73 a 0.70 a 
 5-10 cm 10.7 a 8.8 a  0.81 a 0.71 a 0.80 a 0.76 a 
Peyrano 0-5 cm 14.1 a 14.6 a  0.70 a 0.74 b 0.72 a 0.80 b 
 5-10 cm 14.8 a 13.5 b  0.79 b 0.84 c 0.76 ab 0.85 c 
Means with different letter are significantly different between treatments 
and/or  between dates at  P< 0.05. 
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Figure 4.4.1.  Pore size distribution in the 0-5 cm (a and b) and the 5-10 cm 
(c and d) layers of the conventionally tilled (CT) and zero tilled (ZT) sites of 
the Bragado soil. Means with different letters are significantly  different 
between treatments, dates, and/or layers at P< 0.05. 
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Figure 4.4.2. Pore size distribution in the 0-5 cm (a and b) and the 5-10 cm 
(c and d) layers of the conventionally tilled (CT), zero tilled (ZT), and 
permanent sod (sod) sites of the Peyrano soil. Means with different letters 
are significantly  different between treatments, dates, and/or layers at P< 
0.05. 
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Figure 4.4.3. Soil bulk density (BD), penetrometer resistance (PR) and water 
content (SWC) in the profiles of the Bragado (a, b and c, respectively) and 
the Peyrano (d, e, and f) soils. Means with different letters are significantly  
different between treatments and/or depths at P< 0.05. 
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4.5. Soil physical properties and soybean (Glycine max, Merrill) root 
abundance in conventionally- and long-term zero-tilled soils 
 
4.5.1. Introduction 
 
Soybean is the most important cash crop of Argentina, and is mostly 
produced in the humid part of the Pampas region.  This large area is covered by 
different type of Mollisols and, to a lesser extent, Vertisols. These soils vary greatly 
in their inherent properties, like morphology, texture, and mineralogy of Bt horizons 
(Instituto Nacional de Tecnología Agropecuaria 1989). Soils were under grassland 
vegetation (Pasture) up to about 150 years ago. Since then, they have different 
agricultural histories, which resulted in different degradation levels (Maddonni et al. 
1999, Senigagliesi and Ferrari 1993). From the ’90 decade the farmers grew 
soybean using zero-tillage (ZT) systems, which progressively replaced the more 
aggressive conventional-tillage (CT) systems (Senigagliesi and Ferrari 1993, 
Taboada et al. 1998). In this region, soil mechanical constraints were found to 
restrict the growth of maize roots (Cárcova et al. 1999; Senigagliesi and Ferrari 
1993). In contrast, little is known about their influence on soybean roots. Recently, 
Botta et al. (2004) found that increasing traffic intensities increased soil penetration 
resistance and bulk density and decreased soybean yields in a sandy loam of the 
region.  
The diagnosis of soil physical constraints in the field is based on three 
different parameters, each one with its own critical limit, or threshold, in relation to 
the growth and yield of several grain crops:  
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a) Soil relative compaction, RC: it results from the quotient between bulk density 
determined in the field, and soil maximum bulk density (MBD) determined in the 
laboratory by means of Proctor tests (ASTM 1982, Burke et al. 1986). The RC values 
allow comparing the compactness status of different soils and management 
practices. Carter (1990) found the growth of agricultural crops to be maximized with 
RC values of 75 – 83%, and to be decreased when RC is above 90%.  
b) Soil pore volume > 50 µm: this pore size fraction might represent unless 10% of 
soil volume, in order to avoid any aeration constraint for the respiration of roots 
(Greenland 1981). In addition, Gibbs and Reid (1988) proposed a threshold of 10 % 
of soil volume with > 100 µm in diameter, in order not to affect the free elongation of 
cereal roots. 
c) Soil penetration resistance, PR: The force per unit basal area required to push a 
cone penetrometer through a specified increment of soil. Most thresholds of 
penetration resistance were obtained in the laboratory. The elongation of roots of 
several field crops is expected to decline with PR values > 2.5 – 3 MPa (Glinski and 
Lipiec 1990, Gupta and Allmaras 1987).  
Soil physical constraints are generally diagnosed on the basis of only one of 
these parameters, and seldom on the combination of the three. However, crop 
limiting conditions often occur simultaneously in the field, making it difficult to 
distinguish unequivocally among their effects (Glinski and Lipiec 1990). The 
objectives of this study were to compare soil properties in nearby Pasture, CT and 
ZT field lots of four representative soils of the humid Pampas, and to diagnose 
potentially limiting soil conditions for soybean root elongation.  
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4.5.2. Materials and Methods 
 
Site characteristics and field lot treatments 
  
 The study was conducted in four production farms located across the 
Northern Pampas region of Argentina, each one covered by different soil Series 
(Figure 4.3 1):  
a) Bragado: a coarse, loamy, termic Typic Hapludoll (Soil Taxonomy), Haplic 
Phaeozem (FAO Soil Classification); b) Peyrano:  a fine, illitic, termic Typic Argiudoll, 
Luvic Phaeozem; c) Ramallo: a fine, illitic, termic Vertic Argiudoll, Vertic Phaeozem; 
and d) Yeruá: a fine, montmorillonitic, termic Argiaquollic Pelludert, Vertisol.  
 In each site, nearby field lots of the same soils were compared for sampling 
purposes:  
(1) Pasture: uncultivated lots left unploughed for several decades (> 40 years); 
(2) Long-term conventional tillage (CT): disc ploughing at 0.15 m depth and two 
passes of tandem disk harrow at 0.10 m depth and spike-tooth harrow, continuously 
applied over the last 25 years. Soils are mainly cropped to full season soybean and 
to the wheat/soybean sequence. After seeding, weeds are mechanically controlled;  
(3) Zero tillage (ZT): zero till planting after long-term CT, with weeds controlled by 
herbicides. Soils are mainly cropped to the maize and wheat/soybean sequence. 
The number of years under continuous ZT was 4, 6, 9 and 11, for the Yeruá, 
Bragado and Peyrano, and Ramallo sites, respectively. 
(4) In the Peyrano site, the ZT treatment included a degraded lot (degraded ZT). This 
lot was conventionally cropped to full season soybean for several years previous ZT. 
This resulted in visible erosion symptoms, and poor soil fertility. This allowed us to 
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evaluate whether soil degradation affects, or not, the recovery of soil properties 
under ZT.  
 
Soil sampling and determinations 
 
 All field lots were sampled in February - March 2001, at the flowering growth 
stage of soybean (R1 and R2 ontogenic stages). In the CT lot soil was tilled 8 – 9 
months before, when the previous crop (wheat) was sown. The A horizon thickness 
was determined in each soil and management situation. In the 0–0.05 m and 0.05–
0.10 m layers organic carbon content (SOC) by the Walkley and Black method 
(Nelson and Sommers 1996), and particle size distribution by the pipette method 
(Burke et al. 1986) were determined.  Soil textural class was defined from the 
percentages of clay (< 2 µm), silt (2-50 µm) and sand (50-2000 µm). Proctor tests 
were performed in the laboratory with topsoil samples (0-0.1 m), to obtain their 
maximum bulk density (MBD) and the corresponding critical water content (CWC) 
(ASTM 1982, Burke et al. 1986).  
Three undisturbed soil samples were randomly taken from the top 0.10 m of 
each soil and management situation. In them, air-dried aggregates of up to 8 mm 
were separated by hand, slowly moistened up to field capacity (30 % by weight), and 
incubated at 20ºC for 24 h under 98 to 100% relative humidity. The samples were 
wet-sieved using a Yoder apparatus, and oven-dried. The mean weight diameter 
(MWD) of wet-sieved aggregates was an index of aggregate stability (Burke et al. 
1986). In undisturbed soil samples collected from the 0-0.05 m and 0.05-0.1 m 
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layers, soil pore volume > 50 µm was determined in the laboratory by water 
desorption of saturated undisturbed soil samples (Danielson and Sutherland 1986).  
Six soil cores of 6 cm diameter were taken from the top 0.1 m depth. These 
cores were taken from inter-rows (0.38 to 0.52 m width) none affected by recent 
traffic compaction. Soil bulk density was determined by the core method (Burke et al. 
1986). The quotient between field bulk density and Proctor MBD yielded relative 
compaction (RC) values (Carter 1990). At the same time, soil penetration resistance 
(PR) was determined from the mean of three measurements, in non wheeled inter-
rows of CT and ZT lots of each soil. A cone shaped probe (30° tip angle; 1.4 cm 
basal diameter) was driven into the soil through consecutive falls of a 2kg load falling 
from 0.5 m high (Burke et al. 1986). The PR was recorded as the mean number of 
falls required to penetrate each 5 cm of soil. Aside each penetrometer measurement, 
a 0.7 m depth pit was excavated. In one profile wall of each pit, soil samples were 
taken to determine their gravimetric water content in the laboratory (oven drying at 
105º C).  
In the other side of the pits, the abundance and vertical distribution of 
soybean roots was determined using a 0.5 x 0.3 m rectangle subdivided in 0.05 x 
0.05 m squares, as shown by Figure 4.5.1. In each square the relative root 
abundance was determined, using a semi-quantitative scale (0 to 5). Relative root 
abundance in each layer was calculated from the quotient between layer root 
abundance and total root abundance (Massé 1982). 
 
Statistical inference 
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 Differences between management situations were statistically analyzed either 
by means of their variances, or inferred from the standard error of the means. In the 
case of Peyrano, differences to degraded ZT lot were assessed by percentual 
variations from the Pasture, CT and ZT lot. The relationship between soybean root 
abundance and clay content was evaluated by regression analysis. 
  
4.5.3. Results and discussion  
 
Comparison of soil properties 
 
 Soil thickness above B horizons was significantly higher in Pasture than in CT 
and ZT lots (Table 4.5.1). Soil depths found under Pasture situations were similar to 
those reported by soil maps carried out about three decades ago (Insituto Nacional 
de Tecnología Agropecuaria 1989). In CT and ZT lots soil erosion losses caused 
24.3% - 37.8% soil depth decreases (Table 4.5.1). In the degraded ZT lot of 
Peyrano, soil thickness was only a half of that found in the original Pasture lot (Table 
4.5.1). 
 The Bragado, Ramallo and Yeruá soils preserved the same textural class in 
topsoil (Table 4.5.1). Unlike them, in Peyrano the original silty clay loam texture 
changed to a silty loam one in the cultivated CT, ZT and degraded ZT lots. In all of 
them the percentage of clay decreased (while that of silt increased), which might be 
ascribed to transport of suspended clay particles by runoff (Wakindiki and Ben-Hur 
2002).    
 Soil organic carbon was often proposed as an indicator for screening the 
condition, quality and health of soils (Doran and Parkin 1994, Franzluebbers 2002). 
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In our study significantly higher SOC was always found in top-soil Pasture lots than 
in CT and ZT lots (Figure 4.5.2 a through d). In the region these SOC decreases 
were ascribed to the higher oxidative losses promoted by long term CT in the 0-5 cm 
soil layer, just which exposed to atmospheric influences (Alvarez et al. 1995).  
Soil organic carbon  increased little from CT to ZT lots, and in them it 
represented 53 – 72% SOC content in Pasture lots (Figure 4.5.2). The studied field 
lots were maintained several years (4 to 11) under continuous ZT. Despite, SOC 
recovery is still incipient in them. Recently, Kay and van der Bygaart (2002) indicated 
that SOC stratification begins soon after a conversion from CT to ZT practices. In our 
study, both the Peyrano and Ramallo sites showed organic carbon stratification 
under ZT (Figure 4.5.2 b and c). Besides, the Peyrano and Yeruá sites showed SOC 
stratification in the Pasture lots. In the Peyrano site, the degraded ZT lot was 
maintained under soybean monocropping several years. As a result, it had 
significantly lower SOC than the nearby ZT lot (Table 4.5.2).  
 Unlike SOC, soil aggregate stability recovery was complete under continuous 
ZT (Figure 4.5.3). In them, aggregate MWD values were similar to those in Pasture 
lots. However, tillage effects on stability differed from soil to soil, as shown by 
differences between Pasture and CT lots. In fact, they were highly significant in 
Bragado and Ramallo, and of little importance in Peyrano and Yeruá soils. In the 
degraded ZT lot of Peyrano, soil MWD did not recover and was even lower than that 
in the CT lot (Table 4.5.2).  
 Soil compactability varied according to SOC contents (Table 4.5.3). The 
organic carbon -rich Pasture lots had lower MBD and higher CWC values, while the 
organic carbon poor CT lots had higher MBD and lower CWC values. The same 
trend was found by Aragón et al. (2000) in a range of soils of the region. In ZT lots 
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MBD was generally as low as those in Pasture lots, despite their slight SOC 
recoveries. In the degraded ZT lot of Peyrano, Proctor parameters differed little from 
those in CT and ZT lots (CWC = 0.27 w w-1; MBD = 1.42 Mg m-3). 
 
Prediction of soil constraints to root growth 
 
Soil relative compaction 
 
 Soil RC values, differed significantly across tillage treatments in some of the 
sites (Table 4.5.3). However, soil RC values never exceeded the critical value of 90 
% (Carter 1990). The same happened in the degraded ZT lot of Peyrano which had 
a Proctor RC value of only 73.5 %. The non remarkable RC differences agree with 
previous findings in northern Pampas region (Taboada et al. 1998). Even in 
predictable compacted conditions, such as those imposed by induced plough pans, 
soil bulk density seldom exceeds 1.3 Mg m-3 in the area. This is so because of the 
low (2.51-2.54 Mg m-3) soil particle density of Pampas silty loams (Cosentino and 
Pecorari 2002). As a result, any negative effect on crop yields can be predicted from 
our low RC values. 
 
Soil pore volume > 50 µm 
 
 Soil macroporosity was higher in the coarser textured Bragado soil, as 
compared to the more silty Peyrano and Ramallo soils (Table 4.5.4). Porosity 
determinations were not performed in the Yeruá soil, because of its definite swelling 
character (Danielson and Sutherland 1986).  
 245
 No significant (P < 0.05) differences were found in soil macroporosity when 
comparing among tillage treatments. However, pores > 50 µm were always below 
the threshold (10 % of soil volume) for limited soil aeration (Greenland 1981). In a 
previous work, we also determined low macroporosity values in a Pampas silty loam 
soil (Taboada et al. 1998). Our previous conclusion is also sustained in this work: in 
Pampas soils the macroposity is determined by their intrinsic soil properties, and 
changes little because of soil management. Our low macroporosity values predict a 
constraining soil physical environment, not only for soil aeration (Greenland 1981), 
but also for the free elongation of crop roots (Gibbs and Reid 1988, Glinski and 
Lipiec 1990). This differs from the prediction based on the low RC values.  
Interesting to note, in the degraded ZT lot of Peyrano soil macroporosity was 2-3 
times higher than in CT and ZT lots (Table 4.5.2).  
 
Soil penetration resistance 
 
 In spite of their influence on soil PR measurements, profiles of soil water 
content are shown aside those of soil resistance (Figure 4.5.4 a through h). Soil 
water content was higher in ZT than in CT lots (Figure 4.5.4. a, c, e, g), and was 
significantly different throughout the Bragado and Yeruá profiles, and above 0.2 m of 
the Peyrano profile. Despite the higher soil desiccation in CT lots, only that of 
Bragado showed higher PR (Figure 4.5.4. b). This was caused by the development 
of an induced “plough pan”, which gave way to restricting PR values (Gupta and 
Allmaras 1987) in the 0.15 – 0.3 m layer.  The threshold of 2.5 - 3 MPa was also 
surpassed in the Ramallo soil (CT and ZT lots) below 0.2 m depth (Figure 4.5.4 f). In 
this soil, a tough vertic Bt horizon starting at this depth could increase soil PR values 
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in both cultivated lots. Both the Peyrano and Yeruá soil also have highly developed 
Bt horizons in depth. However, soil PR was none restricting in any of them (Figure 
4.5.4 d, h). In the Vertisol of Yeruá, soil water content showed no relation with 
penetration resistance. In the degraded ZT lot of the Peyrano soil, the profiles of soil 
water content and PR varied little from the CT and ZT lots (Table 4.5.2).  
 The predictions of soybean root growth based on penetration resistance 
varied from soil to soil. They differed from those based on soil RC and 
macroporosity, which showed an unique –but opposed- expected responses for crop 
root growth. While a mechanically constraining environment was found in Bragado 
(CT) and Ramallo, non limiting PR values were observed in the Peyrano and Yeruá 
soils. This shows that the combined use of the selected three soil parameters led us 
to contradictory crop root growth predictions.    
 
Response of soybean roots 
 
 Results show that the relative abundance of soybean roots differed mainly 
between sites, and little across tillage treatments.  In Bragado soybean roots 
abundance varied slightly among soil layers. Some stratification could be found from 
0.05 to 0.1 m, which probably responded to an increase in soil PR (Figure 4.5.4 b). 
However, this stratification was the same in CT than in ZT lots (Figure 4.5.5 a), 
showing that the diagnosed plough pan exerted little effect on the growth of soybean 
roots. In the other studied soils, soybean roots abundance showed a clear decrease 
with depth. This decrease seems not to be caused by correlative PR increases with 
depth (Figures 4.5.4 d, f, g). In fact, soil PR was below the threshold of 2.5 - 3 MPa 
throughout the profiles of Peyrano and Yeruá. There were evidences of shallow 
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rooting in the Ramallo and Yeruá sites (Figures 4.5.5 c and d). In the case of 
Ramallo, this shallow rooting seems to be caused by soil PR increases from 0.05 to 
0.2 m depth. However, there was none correspondence differences in soil PR and 
root abundance between tillage treatments (Figures 4.7.4 f and 5 c). Both in Ramallo 
and Yeruá, soil mechanical impedance was imposed by vertic Bt horizons, 
composed by strong and large clayey prisms.  
 In the degraded ZT lot of Peyrano soybean roots were more abundant (up to 
70%) than in the CT lot (Table 4.5.2). Differences to the ZT lot were similar, but 
above 0.1 m and below 0.25 m. The higher root abundance in this degraded lot can 
be related to its also higher macroporosity, which determines more free spaces for 
root elongation (Gibbs and Reid 1988).  
The low (< 10 % v) macroporosity values found in Bragado, Peyrano and 
Ramallo (Table 4.5.4) did not lead to the expected restrictions in root abundance. 
This shows that under our study conditions no restrictions to root aeration aroused 
(Greenland 1981). In the same way, soybean roots were able to growth with 
considerably lower amount of free spaces than supposed so far (Gibbs and Reid 
1988). To do so, soybean roots had to enlarge soil pores smaller than their 
diameters, or to displace soil aggregates (Glinski and Lipiec 1990). This was only 
possible if soils were weak, due to prevailing moist conditions during the study 
season. This explains why the detected induced “plough pan” of Bragado caused 
none effect on soybean roots abundance. Our results differ from those of Botta et al. 
(2004), who found significant and negative effects of mechanical impedances on 
soybean yields. In soils located west of the region, Dardanelli et al. (2003) clumping 
of soybean roots through desiccation cracks. This is likely to occur in the Peyrano 
site, in which the argillic Bt horizon allowed the downward passage of some soybean 
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roots (Figure 4.5.5 b). In change, in Ramallo and Yeruá the vertic Bt horizon almost 
impeded this passage. In fact, subsoil texture was the main factor affecting soybean 
roots abundance. The percentage of clay in subsoil (0.18 – 0.3 m) was closely 
related to soybean root abundance, as shown by Figure 4.5.6. A polynomial function 
was fitted, showing a critic clay percentage of about 350 g kg-1.  This shows that 
magnitude of root abundance decrease seemed to be related to the characteristics 
of each Bt horizon. 
 
4.5.4. Conclusions 
 
a) Long term conventional tillage shallowed the topsoil, and decreased soil organic 
carbon and aggregate stability. Only aggregate stability recovered completely after 
several years zero-tillage. Topsoil macroporosity varied little between tillage 
treatments.  
b) Soil compaction, pore volume > 50 µm, and penetration resistance showed 
different predictions of potentially limiting conditions for crop root growth.  
c) According to a fitted polynomial function, soybean roots abundance was restricted 
when clay content in the subsoil was higher than 350 g kg-1.   
d) Subsoil properties, and not tillage systems, were the primary effect of root growth 
of soybean.  
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Table 4.5.1. Topsoil thickness (above B horizon), particle size distributions and 
resulting textural classes in Pasture, CT and ZT lots of the study sites. Percentual 
variations (∆%)to the Peyrano degraded ZT lot. Relative soil thickness looses values 
are in brackets. 
            
    
Particle size analysis (g kg-
1)   
   Thickness of       
Sites  
A and BA
horizons (m) Clay Silt Sand textural class 
Bragado Pasture 0.37 264.1 164.5 571.4 
  
 
     CT  212.0 121.0 667.0 
  ZT 
0.28 (24.3) 
253.4 197.1 549.5 
sandy clay loam 
Peyrano Pasture 0.45 323.3 541.3 135.4 silty clay loam 
  
 
     CT  237.6 657.9 104.5 
  ZT 
 
0.28 (37.8) 267.6 619.3 113.1 
silt loam 
Ramallo Pasture 0.40 364.6 501.2 134.2 
  
 
     CT  335.0 531.1 133.9 
  ZT 
0.28 (30.0) 
344.3 538.7 117 
silty clay loam 
Yeruá Pasture  369.0 482.0 149.0 
  CT  336.0 574.0 90.0 
  ZT  465.0 421.0 114.0 
silty clay loam 
       
Peyrano 
∆ % to
Pasture -53.3 -23.3 25.4 -45.8  
degraded 
∆ % to 
CT 4.3 3.2 -29.8 = 
ZT 
∆ % to 
ZT 
-25.0 
-7.4 9.6 -35.1 = 
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Table 4.5.2. Percentual variations from the degraded ZT to the CT and ZT lots of 
Peyrano.  
 
 % from degraded ZT to: 
  depth (m) CT ZT 
0 - 0.05 -0.7 -11.2 organic C 0.05 - 0.1 -24.4 -24.2 
wet MWD 0 - 0.1 -16.7 -15.8 
0 - 0.05 82.8 216.0 pores > 50 µm 0.05 - 0.1 181.0 175.0 
0-0.06 9.1 -10.0 
0.06-0.1 7.7 0.0 
0.16-0.2 -3.4 -3.4 
0.26-0.3 -3.3 0.0 
soil water content 
0.36-0.4 0.0 0.0 
0.05 1.2 37.4 
0.1 -15.2 0.3 
0.15 -9.0 -10.5 
0.2 -4.2 -2.8 
0.25 -3.6 5.7 
soil penetration resistance 
0.3 9.7 8.3 
0.05 52.6 30.4 
0.1 72.4 15.8 
0.15 42.0 -6.0 
0.2 76.0 -13.3 
0.25 62.5 9.1 
abundance of soybean 
roots 
0.3 46.2 78.9 
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Table 4.5.3. Soil parameters obtained from Proctor tests in the lots under pasture, 
conventional tillage (CT), and zero tillage (ZT). Different letters indicate significant (P 
< 0.05) differences between management situations.  
 
Sites  Parameters Unities  Pasture CT  ZT  
Bragado CWC w/w 0.27 0.21  0.2 
 BD Mg m-3 1.16a 1.21a  1.21a 
 MBD  Mg m-3 1.38 1.53  1.48 
 RC % 83.69 a 78.8 a  80.43 a 
Peyrano CWC w/w 0.26 0.25  0.29 
 BD Mg m-3 0.92b 1.29a  1.16a 
 MBD  Mg m-3 1.37 1.46  1.35 
 RC  % 66.37 c 76.11 a  74.16 a 
Ramallo CWC w/w 0.27 0.22  0.28 
 BD Mg m-3 1.09ab 0.99b  1.16 a 
 MBD  Mg m-3 1.42 1.51  1.4 
 RC % 79.41a 62.88b  82.34a 
Yeruá CWC w/w 0.27 0.21  0.29 
 BD Mg m-3 0.81b 0.97a  0.81b 
 MBD Mg m-3 1.34 1.46  1.31 
  RC  % 60.15 b  65.87 a   60.84 b 
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Table 4.5.4. Soil pore volume > 50 µm (% of soil volume), in the Pasture, 
conventional tillage (CT) and zero tillage (ZT) lots  of the studied soils. Different 
letters indicate significant (P < 0.05) differences between management situations.  
 
Sites 
Depth 
(m) Pasture  CT  ZT 
0-0.05  4.60a  5.09a  3.47a Bragado 
0.05-0.1  2.97a  4.45a  4.02a 
0-0.05  1.78b  2.91ab  1.68b Peyrano 
0.05-0.1  0.91a  1.87a  1.88a 
0-0.05  2.53a  3.95a  2.15a Ramallo 
0.05-0.1  2.27a  1.66a  1.97a 
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Figure 4.5.1. Description of the method used to determine the abundance and 
vertical distribution of soybean.  
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Figure 4.5.2. Soil organic carbon content in the 0–0.05 and 0.05–0.1 m layers of the 
studied soils (a through d), in the lots under Pasture, conventional tillage (CT) and 
zero tillage (ZT). Different letters indicate significant (P < 0.05) differences between 
management situations. The asterisk indicates significant (P < 0.05) differences in 
soil depth in each management situation . 
 259
 
 
 
 
 
 
 
 
Figure 4.5.3. soil aggregate stability measured by the mean weight diameter (MWD) 
after wet-sieving. Different letters indicate significant (P < 0.05)differences between 
management situations in each site. 
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Figure 4.5.4. Soil water content and penetrometer resistance profiles up to 0.5 m 
depth, in the Bragado (a, b), Peyrano (c, d), Ramallo (e, f), and Yeruá (g, h) soils,  in 
neighbouring lots under conventional tillage (CT), and zero tillage (ZT. The bars 
indicate the standard errors of the means. 
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Figure 4.5.5. Relative abundance of soybean roots in the studied soils (a through d), 
in the lots under conventional tillage (CT), and zero tillage (ZT). The bars indicate the 
standard errors of the means. 
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Figure 4.5.6. Relative abundance of soybean roots and subsoil clay percentage 
relationship in the studied sites. *** = coefficient of determination significant at the 
0.001 probability level. 
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4.6. Response of maize roots growing in pampean Argiudolls under 
different tillage systems. 
 
4.6.1. Introduction 
 
 In the Pampas region maize yields mainly depend on water availability, 
which is largely affected by high intra-seasonal variability in rainfalls (Dardanelli 
et al. 2003).  It is then very important the amount of available water stored in soil 
profile, which must not be restricted by mechanical impedances limiting of maize 
rooting depth (Dardanelli et al. 2003, Sadras and Calviño 2001).  The growth of 
primary roots of cereals occurs at expenses of available free spaces, which are 
macropores and fissures with > 100 µm in diameter (Gibbs and Reid 1988, 
Glinski and Lipiec 1990, Hamblin 1985). When there are not enough free spaces, 
root growth occurs at expenses of the enlargement of soil pores smaller that their 
diameters, or directly through soil solid phase. The latter has al high energetic 
cost at expenses of crop yields, and requires a low mechanical resistance in soil. 
 In the north of the Pampas region Madonni et al. (1999) found association 
between maize growth and edaphic factors of soil quality. Soil mechanical 
impedances may be either anthropic or genetic.  The latter are originated by the 
repeated use of a given tillage system, such as the pans induced by ploughing or 
the shallow compaction induced by no tillage. The typical genetic impedances in 
the region are clay pans, at the depth of tough, clayey, Bt horizons (Damiano and 
Taboada 2000, Dardanelli et al. 2003). In previous works we found that Pampas 
Argiudoll often have low macroporosity in their A horizons A (Taboada et al. 
1998, Taboada and Micucci 2006). As a result, low soil resistances are always 
required in order not affect crop root growth. The most frequent mechanical 
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impedances in the region are anthropic, because of tillage systems.  Under 
conventional tillage (CT) systems, many soils develop “plough pans” in the zone 
immediately below the passage of mouldboards- or disc – ploughs. Under zero 
tillage (ZT) many silty loam soils develop shallow compaction in the short-term, 
as shown by bulk density and soil resistance increases and macroporosity 
decreases (Díaz-Zorita et al. 2002, Pierce et al. 1994, Thomas et al. 1996), and 
hardening processes (Taboada et al. 1998). Taboada and Micucci (2006, Ch. 
4.5) found these made-man impedances not to affect the growth of soybean 
roots. In change, information about their influence on maize roots is less 
abundant.  
 Maize roots growth is negatively affected by subsoil compacted layers, but 
the consequences on maize yields is not always direct (Díaz Zorita et al.  2002, 
Erbach et al. 1986). In the case of Pampas subsoils the compacted layers are 
caused by Bt horizons, which had variable clay percentages and clay mineralogy 
(Instituto Nacional de Tecnología Agropecuaria 1989). This Bt horizon may 
restrict the available water capacity in soil profiles (Damiano and Taboada 2000). 
Dardanelli et al. (2003) found that the velocity of rooting of maize is decreased in 
subsoil horizons with > 36 % clay. Coincidently, Taboada and Micucci (2006, Ch. 
4.5) found that soybean roots did not growth through subsoil horizons with > 35 
% clay. Unlike these clay percentage levels, thresholds limits found in literature 
are rather based on soil penetration resistance. The commonly accepted limit is 2 
MPa, above which the elongation of crop roots is impeded (Glinski and Lipiec 
1990, Gupta and Allmaras 1987). This resistance is determined with cone 
penetrometers, and the threshold may be reached either by compaction or by 
cohesion increases by soil desiccation (Gupta and Allmaras 1987). The 
objectives of this chapter were to: i) determine the occurrence of mechanical 
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impedances in maize field crops under different tillage systems; and ii)   evaluate 
the effect of these layers on the abundance and distribution of maize roots.  
 
4.6.2. Materials and methods 
 
Sites and tillage systems 
 
 The work was carried out in three fields of the Buenos Aires province 
(Figure 4.3.1), each one covered by soils with different Bt horizon:  
a) Chivilcoy: Typic Argiudoll from the O’Higgins Series. Its profile is 
composed by A (loam), Bt (sandy clay loam), BC and C horizons (Table 
4.6.1); 
b) Villa Lía: Abruptic Argiudoll from the Portela Series. Its profile is 
composed by A (silty loam), BA (silty clay loam), Bt (clay loam, non vertic)  
and BC horizons; 
c) Pérez Millán: Vertic Argiudoll from the Ramallo Series. Its profile is 
composed by A (silty clay loam), BA (silty clay loam), Bt (clayey, with 
slickensides and visible desiccation cracks)  and BC horizons.  
 
In each of these soils field lots were sampled under different (and nearby tillage 
systems. They were: a) CT: one or two passages of disc harrows at 0.1 m depth. 
The resulting Ap horizons are shallow (Table 4.6.1); and b) ZT: more than six 
years under continuous ZT. 
 
Determinations 
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 In June 2003 the depth of Bt horizon was measured, and the occurrence 
of mechanical impedances was verified in situ. Soil bulk density was determined 
in each soil and tillage system, using soil cores at 0 – 6 cm, 10 – 16 cm and 24 – 
30 cm layers (Burke et al. 1986). 
 In summer, at maize flowering, cone (60º tip angle) penetrometer 
resistance was determined in the same sites up to 0.5 m soil depth (Burke et al. 
1986).  Soil water content was gravimetrically determined by over drying. In each 
site, 1 meter depth soil pits were excavated to evaluate the horizontal and vertical 
distribution of maize roots (Manichon 1987). The wide of each pit included two 
0.7 m maize inter-rows. 
 
4.8.3. Results and discussion 
 
Detection of soil physical constraints to maize roots 
 
a) Chivilcoy 
 
 The soil in both situations had similar horizon sequence. The A horizon 
was shallower under CT than under ZT (Table 4.6.1). However, this variability is 
normally expected in the O’Higgins Series (Instituto Nacional  de Tecnología 
Agropecuaria 1989). Taking into account the loam of the A horizon and the weak 
texturality of the Bt horizon, the natural soil characteristics are not harmful to root 
growth (Glinski and Lipiec 1990).  
 The soil managed with CT had significantly higher bulk densities in the 10 
– 15 cm and 25 – 30 cm layers, than the same soil managed with ZT (Table 
4.6.1). The low maximum values here reached (< 1.3 Mg m-3) do not differ from 
others frequently found in induced plough pans in the region (Taboada et al. 
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1998, Taboada and Micucci 2006). In fact, soil penetration resistances 
determined in winter (data not shown), before maize sowing, were about 30 % 
higher under CT than under ZT at 0.1 – 0.15 m depth. 
 Except at 0.5 m depth, no soil water content was similar in both tillage 
treatments (Figure 4.6.1 a). This allows us to discard water content as a factor 
causing differences in soil penetration resistance (Gupta and Allmaras 1987). Soil 
resistance profiles were only significantly different in topsoil (Figure 4.6.1 d), and 
were almost coincident up to 0.5 m. Soil profiles were moist (close to field 
capacity), and hence, soil resistance only over passed the threshold of 2 MPa in 
the topsoil managed with CT. Interesting to note, despite the higher densification 
in the subsurface of the CT site, this did not cause higher penetration resistance. 
Therefore, any mechanical impedance was diagnosed in Chivilcoy from the 
determined cone resistance values. 
 
b) Villa Lía 
 
 Soil profile is well developed and it has a strongly textural Bt horizon 
(Table 4.6.1). There were no important differences in soil horizons thickness 
between tillage systems. The soils managed under CT and ZT had similar bulk 
density, except in the 0.1 – 0.15 m layer where bulk density was slightly higher 
under ZT (Table 4.6.1).  
 Soil water content profiles were similar in CT and ZT sites, and in both 
treatments water content increased with depth (Figure 4.6.1 b). Despite this 
increase, soil penetration resistance did not show an expected decrease with 
depth, but it increased (Figure 4.6.1 e). This shows that soil water content was 
the main factor causing soil resistance variations, but the anisotropy of soil 
profile. In fact, in this Argiudoll the tough Bt horizon may represent a mechanical 
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impedance to root growth. Anyway, the threshold of 2 MPa was not over passed 
in any sector of the CT and ZT profiles. . Soil resistance values did not differ 
significantly from CT to ZT sites (Figure 4.6.1 e). 
 
c) Pérez Millán 
 
 Soil profile is similar than that of Villa Lía. It only differs in the strongly 
texturality and vertic features of the Bt horizon (Table 4.6.1). These 
characteristics can generate mechanical impedances for maize roots (Glinski and 
Lipiec 1990).  
 As in Villa Lía, soil water content did not differ from CT to ZT sites and 
increased with depth (Figure 4.6.1 c). The variation in soil penetration resistance 
was also similar in both tillage treatments, with a significant increase in the 0.1 – 
0.2 m layer.  This increase was due to the higher desiccation of both profiles, but 
the occurrence of an induced plough pan may not be also discarded in the CT 
site. Soil resistance values decrease with depth, in agreement with the higher 
water contents. However, and unlike the other soils, in Pérez Millán was over 
passed the threshold limit of 2 MPa soil resistances. This allows us to diagnose 
mechanical impedances in this soil, which are related to the vertic features of its 
Bt horizon. 
 
Growth patterns of maize roots  
 
a) Chivilcoy 
 
 The abundance of maize roots was less abundant in CT than in ZT sites 
in almost throughout the profile (Figure 4.6.2 a). Soil resistance values here 
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determined were not related to this response of root abundance under CT (Fig. 
4.6.1 c). In change, the lower root abundance below 2 m can be related to the 
higher bulk densities determined in CT than in ZT lots (Table 4.6.1). This situation 
well represents that known as “shadow effect”, as described by Tardieu (1988). 
Even when the rest of the profile has no mechanical impedance, the occurrence 
of shallow compaction affects root exploration in the zone of the profile 
immediately below this compacted layer. Soil profile under ZT had higher maize 
root abundance, and coincidently, lower bulk density. This shows the 
regeneration of subsoil compaction (plough pan), which had positive effects of 
the exploration of soil profile by maize roots.  
 The distribution of maize roots was also different between tillage systems 
(Figure 4.6.3 a, b). In the CT site most maize roots accumulated in the first 
centimetres of the profile, while in the ZT site maize roots were more 
homogeneously distributed throughout the profile. This different behaviour is 
more evident below 0.75 m, where only two narrow zones of the CT profile had 
maize roots, while both inter-rows of the ZT profile had abundant maize roots. 
This different root proliferation determines a different absorption of water and 
nutrients by maize crops growing in each tillage treatment (Tardieu 1988).  
 
b) Villa Lía and Pérez Millán   
 
 Despite their different soil resistance profiles (Figures 4.6.1 e, f), root 
abundance varied similarly among sites (Figures 4.6.2 b, c). In both cases, maize 
roots had a sligh decrease with depth reaching 10 % relative abundance below 
0.8 – 0.9 m depth. Differences between tillage treatments were little important, 
although in Pérez Millán the abundance of maize roots was slightly higher under 
ZT below 0.4 m (Figure 4.6.2 e). These results indicate the lack of 
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correspondence between the diagnosis of mechanical from cone penetrometer 
measurements and the actual response of plant roots in the field. This was also 
found in Pampas soils planted to soybean (Micucci and Taboada 2006). Maize 
roots were rather responsive to the tough Bt horizons of both soils.  
 However, some differences become apparent in both soils in the root 
distribution maps. In Villa Lía there was a more homogeneous root distribution in 
maize inter-rows, particularly in the 0.15 – 0.5 m layer (Figure 4.6.3 c, d). In the 
Pérez Millán soil maize roots grew through the desiccation cracks of this veric 
soil. Worth to be mentioned: a) maize roots were not affected by the jump in soil 
resistance observed in the Pérez Millán site at 0.1 m depth (Figure 4.6.1 f); b) in 
the conditions this study was performed any Bt horizon was an absolute 
impedance to the proliferation of maize roots. This result clearly contrasts with 
that previously found by Micucci and Taboada (2006) with soybean roots (Ch. 
4.5).  
 
4.6.4. Conclusions 
 
a) The study soils showed shallow (induced plough-pans) and deep (clay 
pans) mechanical impedances, which were not always detected by cone 
penetrometer measurements; 
b) The induced plough pans caused negative effects on maize root 
abundance in subsoil (shadow effect). This effects was recovered  fastly 
in the loam soil under ZT. 
c) There was no relationship between cone penetrometer resistance  and 
maize root abundance in the study soils; 
d) The highy textural Bt horizons (Villa Lía and Pérez Millán), having clay 
percentages well above 35 %, did not represent an absolute mechanical 
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impedance for maize root abundance. The distribution of roots was 
affected by desiccation cracks.  
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Tabla 4.6.1. Soil horizon depth and core bulk density 
(mean and standard error) in conventionally tilled (CT) and 
zero tilled (ZT) situations.  
a) Chivilcoy: Typic Argiudoll   
  Soil horizon depth (m) 
  CT ZT 
Horizon     
Ap 0 - 0,108  
A 0,108 - 0,230 0 - 0,336 
Bt 0,230 - + 0,336 - + 
 Core bulk density (Mg m-3) 
  CT ZT 
Soil layer     
0-5 cm 1,068 (0,027) 0,906 (0,023) 
10-15 cm 1,283 (0,019) 1,152 (0,018) 
25-30 cm 1,249 (0,018) 1,140 (0,017) 
   
b) Villa Lía: Abruptic 
Argiudoll    
  Soil horizon depth (m) 
  CT ZT 
Horizonte     
Ap 0 - 0,084  
A 0,084 - 0,162 0 - 0,199 
BA 0,162 - 0,293 0,199 - 0,294 
Bt1 0,293 - + 0,294 - + 
 Core bulk density (Mg m-3) 
  CT ZT 
Soil layer     
0-5 cm 0,960 (0,015) 1,031 (0,019) 
10-15 cm 1,172 (0,023) 1,243 (0,016) 
25-30 cm 1,153 (0,030) 1,150 (0,025) 
   
c) Pérez Millán: Vetic 
Argiudoll      
  Soil horizon depth (m) 
  CT ZT 
Horizon     
Ap 0 - 0,100  
A 0,100 - 0,233 0 - 0,190 
BA 0,233 - 0,360 0,190 - 0,255 
Bt1 0,360 - + 0,255 - + 
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Figure 4.6.1. Profiles of gravimetric soil water content (a, b, c) and cone pnetration 
resistance (d, e, f), in situations managed under conventional tillage (CT) and zero 
tillage (ZT). Bars indicate standard errors. 
Profundidad del suelo = soil depth 
Contenido hídrico = soil water content 
Resistencia a la penetración = cone penetrometer resistance 
LC = CT 
SD = ZT 
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Figure 4.6.3. Vertical distribution of maize roots 0,3 m aside each row, in 
situations managed under conventional tillage (a, c, e) and zero tillage (b, d, f) in 
the three study sites. Root abundance increases from 0 (white) to 5 (black). 
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Villa Lía        a) Conventional tillage                                                     b) Zero tillage 
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Perez Millán            e) Conventional tillage                                               f) Zero tillage 
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4.7. Mechanisms of aggregation in a silty loam under different simulated 
management regimes  
 
4.7.1. Introduction 
 
 Silty loam soils of the rolling Pampa in Argentina were developed under 
grassland vegetation. After long term continuous cropping using conventional tillage 
practices (e.g. mouldboard- and disc-ploughing), they show varying soil degradation 
levels (Senigagliesi and Ferrari 1993). Most soils have undergone significant 
organic carbon decreases, which caused the deterioration of topsoil structure. The 
most serious degradation process is water erosion (Senigagliesi and Ferrari 1993). 
Soil losses by water erosion shallowed A horizons, which often become mixed with 
the underlying Bt horizon during ploughing (Logan et al. 1991). There is little 
information about the effect of soil degradation on the regeneration of a desirable 
topsoil structure in these silty loams.  
 In the textural group of loams (15 – 35 % clay) soil structural regeneration is 
the result of abiotic and biotic mechanisms (Denef et al. 2001 a, b, Oades 1993). 
Abiotic stabilization mainly depends on soil swell-shrink capacity during the normal 
wetting – drying (W/D) cycles, and also soil chemical composition (Dexter 1988, 
Oades 1993). The proportion of water-stable aggregates, as well as their total 
number, may increase or decrease, as a function of soil type and clay mineralogy 
(Denef et al. 2001; Materechera et al. 1994, Utomo and Dexter 1982). Utomo and 
Dexter (1982) found a direct relationship between the amount of stable aggregates 
and the number of wetting - drying cycles. Soil aggregates can be biologically 
stabilized either by chemical bonding between organics and soil mineral particles, or 
physical binding (Chantigny et al. 1997, Degens 1997, Denef et al. 2002, Tisdall 
and Oades 1982). The last one is principally due to fine grass roots and fungal 
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hyphae, which enmesh small aggregates in larger water – stable aggregates (i.e. > 
2 mm). Sometimes, the formation and stabilization of aggregates occur 
simultaneously, but formation often precedes stabilization (Oades 1993).   
 The purpose of this work is to investigate abiotic and biotic mechanisms of 
soil structural regeneration in pampean silty loams under different management 
regimes. We hypothesize that soil degradation determines the mechanisms of 
aggregate stabilization. It is expected to be mainly biotic in the original organic 
carbon-rich pasture condition, while being mainly abiotic in cropped soils affected by 
water erosion that become responsive to wetting-drying cycles. 
 
4.7.2. Materials and Methods 
 
 Studied soil 
 
The A horizon of an illitic, termic, Peyrano series (Typic Argiudoll {US Soil 
Taxonomy}; Luvic Phaeozem {FAO Soil Classification}) was sampled at Uranga, 
Province of Santa Fe (33 ° 15’ S; 60 ° 43’ W) (INTA, 1983). In the field, three 
different management regimes were distinguished for sampling purposes, based 
on field observations (Soil Survey Division Staff,1993) and laboratory 
determinations (Table 4.7.1): a) Pasture: a field under perennial pasture that was 
unploughed and excluded from grazing for several decades, which can be 
considered close to the original soil condition; b) Conventional tillage (CT): a 
cropped plot where the soil was conventionally tilled and cropped in the last 10 yr;  
and c) eroded CT (CTer): a cropped plot affected by water erosion losses (slope 2.5 
- 3 %) and with evidences of clay enrichment in its shallow A horizon (see Figure 
4.3.2, Ch. 4.3). 
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 The thickness and structural form of the A horizon in each selected site 
was characterized (Soil Survey Division Staff 1993). Three soil samples were 
randomly taken in each site from 5 to 15 cm depth to determine: a) total organic 
carbon content by the Walkey and Black method (Nelson and Sommers1996); b) 
soil textural class  resulting from particle size analysis (pipette method); c) clay 
mineralogy (X-ray  diffraction); d) water  retention at 33.3 kPa matric potential 
(pressure plate apparatus); and e) the swelling - shrinkage index (SSI) = [(bulk 
density at pF 0.48 - bulk density at the shrinkage limit) / bulk density at shrinkage 
limit] (Burke et al. 1986).  
 
Greenhouse experiment 
 
 The soil taken in each selected site was air-dried, ground and sieved (0.50 
mm). Three kg of dry sieved soil (< 0.25 mm aggregate size) was placed in plastic 
pots (15 cm height, 15 cm diameter) in October 1997 (spring time).  
 The pots were arranged in a factorial design with 3 replicates, as shown by 
Figure 4.7.1. The following factors were tested in the experiment:  
A. Soil management regime:  
a) Pasture; b) CT; and c) CTer. They were described above.  
B. Vegetation:  
a) Sterilized: the soil in each pot was fumigated with methyl bromide (CH3Br), and 
periodically treated with a total biocide (formaldehyde); and b) Ryegrass:  sown with 
perennial ryegrass (4 g per pot). During the experiment ryegrass was clipped to 5 
cm height when it reached 25 cm height, in order to promote soil aggregation 
(Tisdall and Oades 1979). Nutrient solution (100 ml), composed by 0.6 g N (as 
NH4NO3), 0.15 g P (as Ca (H2PO4)2) and 0.15 g K (as K2SO4) was added at 60 
days and 180 days after the beginning of the experiment. 
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C. Water regime: 
a) Constant field capacity (FC): the pots were kept at constant water content in 
trays standing in 3 cm of distilled water, thus allowing the capillary flux of water. 
Evaporation loss was not controlled during the experiment; and b) Wetting and 
drying (W/D) cycles: soil water content changing from field capacity (- 33.3 kPa 
matric potential) to half field capacity (checked by weight). Water was gently 
added with a sprinkler to minimize the kinetic energy of water dropping on the soil 
of the pots. The number of watering times (W/D cycles) was recorded.  
 
Laboratory analysis 
 
 At the beginning of the experiment, the initial dry aggregate mean weight 
diameter (MWD) of the soil was determined by dry-sieving (vibration) through a nest 
of sieves with screen openings shown in Table 4.7.1. Half the pots were evaluated 
after 4 months of the beginning of the experiment (January 1998), and the other half 
after 12 months (October 1998). At those times the soil in each pot was subdivided 
by layers (0-5 cm, 5-10 cm, and 10-15 cm) and air-dried. Soil aggregate size was 
assessed by the dry MWD of aggregates, which were dry-sieved through a nest of 
sieves as shown by Table 4.7.1. Soil aggregate stability was determined in all 
aggregate sizes collected by dry sieving, by the wet MWD of aggregates. They were 
wet-sieved for 30 minutes in a Yoder apparatus (Burke et al. 1986), through a nest 
of sieves as shown in Table 4.7.1. Before sieving, these aggregates were capillary 
wetted up to field capacity to avoid slaking of dry aggregates (Burke et al.1986, 
Kemper and Rosenau 1986). 
 The cumulative aboveground dry biomass (shoots and leaves), and root 
biomasses of ryegrass were determined. The roots were washed with tap water 
above a 0.5 mm sieve, and then dried 18 hours at 70°C. Percent colonization by 
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vesicular-arbuscular mycorrhizae associated with ryegrass roots were quantified 
microscopically (100 x and 50 x), after staining with Trypan blue (Sylvia 1994). Soil 
organic carbon content was determined by the Walkley and Black method, in the 
water – stable aggregate size classes obtained at 4 months (Nelson and Sommers 
1996).  
 
Statistics 
 
 Statistical analysis was performed using the Statistix 7.0  package. 
Differences between management regimes were evaluated by analysis of variance 
(ANOVA), and significantly different means were recognized by the least significant 
difference (LSD) method. Results from the greenhouse experiment were analysed 
using multifactorial ANOVA, and by the LSD method. The relationships between 
ryegrass root biomass and (i) wet MWD, and (ii) water-stable aggregate size 
classes were evaluated by regression analysis. Soil dry MWD and wet MWD 
values obtained after 4 months of experiments were plotted against those 
obtained after 12 months, to evaluate changes with time by regression. 
Differences between slopes and intercepts of the fitted straight lines were evaluated 
by ANOVA (Neter and Wasserman 1974). 
 
4.7.3. Results  
 
Characterization of the selected sites 
 
Soil morphological features and soil properties varied among the different 
management regimes (Table 4.7.2). In the pasture both A horizons were 25 % 
and 135 % thicker, respectively, than those in the CT and CTer sites. The pasture 
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soil had subangular blocky structure, which changed to platy in Ap horizons of the 
CT and er CT soils. In these horizons, soil organic carbon content was 61 % and 
48 % lower, respectively, than that in the pasture soil. Soil water retention at –
33.3 kPa matric potential was also lower (27 % and 23 %) in the CT and CTer 
soils (Table 4.7.2).  
Both cropped soils underwent textural changes: a) in the CT soil silt 
content was significantly higher and clay content significantly lower than in the 
pasture (Table 4.7.2); and b) in the CTer soil, its A horizon had significantly 
higher clay content and prismatic structure. In this horizon X ray - diffraction 
analysis showed the predominance of open illite and interstratified swelling clay 
minerals. In contrast, clay mineralogy in the pasture and CT sites were composed 
by illite (95 %) and kaolinite (5 %). Because of its swelling clay mineralogy, the 
CTer soil was the only one with a measurable swell – shrink index (Table 4.7.2).  
 
Soil aggregation after four months 
 
At the beginning of the experiment, the three soils had similar low initial 
MWD values (Table 4.7.2). Only 30 - 40 % of the dry and loose soil material had 
diameters between 0.5 - 0.25 mm, being the rest microaggregates and primary 
particles.   
After 4 months of experimentation, dry MWD increased up to 18 times 
from those low initial MWD values (Table 4.7.2). Soil dry MWD varied within the 
1.75 - 3.75 mm range (Figure 4.7.2 a through f). Soil dry MWD was significantly 
affected by main and interactive effects from the studied treatments (Table 4.7.3 
a). Soil dry MWD was increased by ryegrass and FC water regime, and to lesser 
degree, by soil degradation level (pasture < CT < CTer). Dry MWD increased 
from the 0–5 cm to the 10–15 cm layers in the pots.  
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The stability of aggregates (wet MWD) varied from 0.75 to 5.09 mm 
(Figure 4.7.3 a through f), and was mainly affected by highly significant 
interactions between factors (Table 4.7.3 b). The “vegetation x water regime” 
interaction had the higher F-ratios. This was caused by opposite effects in 
sterilized (FC > W/D cycles) and in ryegrass (FC < W/D cycles) pots. The “soil 
management regime x vegetation” interaction also caused different stability 
variations in sterilized (pasture > CT < CTer) and ryegrass (pasture > CT > CTer) 
pots.  
The size distribution of water–stable aggregates in the 5-10 cm layer is 
shown in Figure 4.7.4 (a through f). In sterilized pots, soil W/D cycles disrupted 
aggregates > 4.8 mm, with a consequent increase in the proportion of aggregates 
< 2 mm. Soil W/D cycles increased the < 0.3 mm aggregate size class in the 
CTer soil. In ryegrass pots, soil W/D cycles increased the proportion of 
aggregates > 4.8 mm (Figures 4.7.4 d, e, f), causing the observed stability 
increases.  
  
Abiotic and biotic aggregation factors 
 
The amount of W/D cycles was higher in ryegrass than in sterilized pots 
(Table 4.7.4). As a result, the mean duration of each cycle was 1.7 – 2.5 times 
shorter in ryegrass pots.   
In the pasture soil the cumulative aboveground biomass of ryegrass 
decreased from FC to W/D water regime (Table 4.7.5). This biomass was 
significantly lower, and not affected by water regime in the CT and CTer soils.    
Ryegrass root biomass was significantly higher in the 0-5 cm layer of the 
pots (Table 4.7.5). In this layer, soil W/D cycles decreased ryegrass root biomass 
in the pasture and CT soils. In the CTer soil, the biomass of roots was lower and 
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not affected by water regime (Table 4.7.5). Neither wet MWD nor any studied 
water-stable aggregate size class were related to ryegrass root biomass (R2 < 
0.02) to ryegrass root biomass either.                 
The pots were not inoculated with mycorrhizae at the beginning of the 
experiment. Four months after no evidence of mycelia, vesicles and/or 
carbuncles of mycorrhizal fungi living in ryegrass roots were found.  
Soil organic carbon content varied little across water-stable aggregate size 
classes of ryegrass pots (data not shown). In the pasture soil, W/D cycles 
increased significantly soil organic carbon in the 0 - 5 cm and 10 - 15 cm layers, 
while decreased organic carbon in the 0 - 5 cm and 5 - 10 cm layers of the CT 
soil. No effect from soil W/D cycles was found in the CTer soil (Table 4.7.5).   
 
 Changes in soil aggregation from 4 to 12 months of experiments 
 
  In the “4 months vs 12 months” plots, soil dry MWD data fitted straight 
lines, with intercept ≈ zero and slope ≈ unity in sterilized pots, and departing little 
from the 1:1 line in ryegrass pots (Figure 4.7.5 a, b). This shows that soil 
aggregate size did not change with time. Similar variation pattern was observed 
with soil wet MWD in sterilized pots under constant FC, and in ryegrass pots 
under both water regimes (Figure 4.7.6 a, b). Unlike, in sterilized pots under W/D 
the fitted straight lines departed significantly from the 1:1 line. This shows that 
aggregate stability increased with time (Figure 4.7.6 a).  
As compared to 0-4 months period, the amount of W/D cycles was higher 
and its mean duration was longer during the 4 - 12 months period (Table 4.7.4). 
This indicates slower W/D cycles.   
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4.7.4. Discussion 
 
Soil degradation levels 
 
In the pasture, field observations and the studied soil parameters (Table 
4.7.2) were similar to those reported before the intensification of agriculture 
(Insituto Nacional de Tecnología Agropecuaria 1993). It indicates absence of 
degradation signs in this site. On the other hand, in the CT and the CTer sites the 
long history of intensive tillage, widely promoted oxidative losses of soil organic 
carbon like those shown in Table 4.7.2. Conventional agriculture also enhanced 
water erosion, which promoted the formation of platy structure in Ap horizons of 
the CT and CTer sites (Table 4.7.2).  
In the CTer site, soil erosion losses shallowed the Ap + A horizons. They 
underwent abrupt textural changes by ploughing, associated with the mixture of 
topsoil with the underlying B horizon due to previous ploughing (Logan et al. 
1991). Because of this mixture, the A horizon of the CTer site increased 
significantly its clay content, and had the same prismatic structure of the 
underlying Bt horizon. This soil was the only with a clear swelling character, as 
shown by its SSI index (Table 4.7.2).   
 
 Soil aggregation at four months 
 
Abiotic mechanisms 
 
Soil in the pots was dry and loose at the beginning of the experiment. This 
was due to the breakage of bonds among the individual soil particles during 
grinding and sieving (Materechera et al. 1992). The size of dry aggregates was 
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significantly increased from 0 to 4 months (Table 4.7.2, Figure 4.7.2 a, b, c). 
These increases may be caused either by agglomeration or by coalescence 
when soil is wetted, as shown by Bresson and Moran (1995). Aggregate 
agglomeration could be enhanced in the bottom layers of the pots, due to the 
weight of above lying soil layers. This fact could promote particle to particle 
contacts (Kemper and Rosenau 1986), and as a result, the higher dry MWD 
values found here (Figure  4.7.2 c).  
 Both the size and the stability of aggregates were higher in sterilized pots 
under FC water regime (Figures 4.7.3 and 4.7.4). This can be related to primary 
forces joining particles together in moist soils (Kemper and Rosenau 1984, 1986). 
They are represented by the surface tension of the air and water interface and 
the cohesive tension (negative pressure) in the liquid phase (Kemper and 
Rosenau 1984, 1986, Dexter, 1988).  
Soil W/D cycles decreased soil aggregate size, and to a greater extent, 
they also decreased aggregate stability in sterilized pots. Aggregate stability 
decreases by W/D cycles were caused by the breakdown of large aggregates, as 
shown by Figure 4.7.4 a, b, c. Soil aggregates initially created at moist soil 
conditions were disrupted by effective stresses developed during drying (Dexter 
1988; Utomo and Dexter, 1982). This fact led to the observed great stability 
decreases (Figure 4.7.3 a, b, c). Soil microaggregates, which are included in the 
< 0.3 mm aggregate size class (Dexter 1988, Tisdall and Oades 1982), were only 
significantly increased by W/D cycles in the CTer soil (Figure 4.7.4 c).  
Under FC water regime, neither the size nor the stability of aggregates differed 
from ryegrass to sterilized pots (Figures 4.7.2 and 4.7.3). Therefore, soil cohesion 
development was also the main aggregation mechanism in ryegrass pots under 
constant water regime (Kemper and Rosenau 1984, 1986).  
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Biotic mechanisms 
 
 Soil aggregate stability (wet MWD) was maximized in ryegrass pots 
subjected to W/D cycles, regardless soil degradation level (Figure 4.7.3 d, e, f). 
These high stability values were due to the formation of large water-stable 
aggregates (Figure 4.7.4 d, e, f). In sterilized pots, soil W/D cycles caused the 
breakdown of the same large aggregate size classes (Figure 4.7.4 a, b, c). This 
abiotic path can be regarded as a previous stage of the subsequent aggregate 
stabilization by ryegrass. This aggregation sequence was often found in loam soils 
(Oades 1993).  
The pasture soil had the higher wet MWD values. Due to its high organic 
carbon content, this soil had higher water retention at –33.3 kPa matric potential 
(Table 4.7.2). This soil had also reduced wet ability, because of the hydrophobic 
characteristics of soil organic carbon (Caron et al. 1996). So, this soil required 
less watering which resulted in less frequent (and longer) soil W/D cycles (Table 
4.7.5). As a consequence, there was fewer breakdown of large aggregates in the 
pasture soil (Table 4.7.5).  
In a similar experiment Materechera et al. (1992) found that soil W/D 
cycles caused the formation of smaller but more stable aggregates in a swelling 
soil. Our results in the also swelling CTer soil were different. Soil W/D cycles 
decreased not only the size but also the stability of aggregates. 
 
Ryegrass biomass, mycorrhyzal, and organic carbon effects 
 
The biomass of ryegrass roots was not related to soil wet MWD, as well as to 
water-stable aggregates between >4.8 mm and < 0.3 mm size classes. Other 
parameters different from root biomass, have often better correlation with 
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aggregate stability (Degens 1997). However, we discard possible direct root 
effects on soil aggregation, such as binding of microaggregates by alive or partially 
decomposed plant roots (Degens 1997, Tisdall and Oades 1979), based on two 
evidences. In first place, stability values were lower in the 0– 5 cm layer, just 
dominated by rhizospheric soil (Figure 4.7.3 d, e, f). In addition to this, aggregate 
stability increases from FC to W/D water regime were coincident with ryegrass root 
biomass decreases in the pasture and CT soils (Table 4.7.5).  
In ryegrass pots no evidence of mycelia, vesicles or arbuscules of mycorrhizal 
fungi living on ryegrass roots was observed. The pots were not inoculated, and 
we do not know the reasons of this result. Anyway, this suggests that aggregate 
binding by mycorrhizal hyphae (Tisdall and Oades 1982) was not the cause of 
better aggregation in our experiment, either.  
Our stability increases observed in ryegrass pots are then compatible to 
mechanisms of chemical bonding between soil aggregates (Chantigny et al. 
1997, Degens 1997). Soil organic carbon increases by W/D cycles found in the 
pasture soil (Table 4.7.5) support the idea of aggregate stabilization by chemical 
bonding. They also account for the higher stability values in this soil (Figure 4.4.3 
d, e, f). However, soil organic carbon was not increased by W/D cycles in the CT 
and CTer soils (Table 4.4.5). In their case, other not measured carbon fraction, 
like water-extractable carbohydrate C (Degens 1997), could be involved in the 
observed stability increases by W/D cycles.  
 
 Soil aggregation changes from 4 to 12 months 
  
Only wet MWD values of sterilized pots under W/D changed significantly 
from 4 to 12 months of experiments (Figures 4.4.5 and 4.4.6). Coincidently, this 
treatment showed the lower wet MWD values at 4 months (Figure 4.7.3 a, b, c). 
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The main difference between 0-4 months and 4-12 months periods was the 
average of the W/D cycles duration (Table 4.7.4). The 4 - 12 months period was 
coincident with part of autumn and winter times. So, the watering of the pots was 
less frequent. Soil W/D cycles were slower, and the soil in the pots remained 
moist. This might have avoided aggregate breakdown conditions (Denef et al. 
2001). Besides, the development of soil cohesion forces might be promoted even 
under these slow W/D cycles (Kemper and Rosenau 1984; Dexter 1988). Unlike 
that found by Utomo and Dexter (1982), the mean duration of W/D cycles, rather 
than their simple number, was the determining abiotic factor in our study. 
 
4.7.5. Conclusions  
 
a) In the studied silty loam, soil structure regeneration was the result of interactive 
effects from W/D cycles and vegetation. Soil W/D cycles increased soil aggregate 
stability in ryegrass pots, while decreased stability in sterilized pots. Soil aggregation 
was mainly abiotic at constant FC water regime. 
b) Since soil degradation level had only minor effects on soil aggregation, we reject 
our proposed hypothesis. 
c) Most changes in soil aggregation occurred in the first 4 months of experiments. 
This suggests that the regeneration of a desirable topsoil structure in the field could 
occur in shorter periods than supposed.  
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Table  4.7.1. Soil properties in different degradation levels. Different letters indicate significant differences at the 0.05 probability 
level. 
 
Soil Non degraded  Moderate 
degradation 
 Severe degradation 
Soil horizon A1 A  Ap A  Ap A 
Soil depth (m) 0-0.27 0.27-0.40  0-0.18 0.18-0.32  0-0.08 0.08-0.17 
Structural type, class and 
grade 
Subang Bk  Subang Bk  platy  Subang Bk platy prisms 
 medium coarse  coarse coarse  coarse medium 
 moderate moderate  weak moderate  weak moderate 
Total organic C (g kg-1) 30,0c 18,6b  18,5b 15,7b  14,3a 12,0a 
Clay (%) 29,5b 29,6b  26,4a 26,7a  28,8b 35,8c 
Silt (%) 58,8b 58,4b  61,7c 60,2c  55,4a 49,8a 
Textural class  Silty clay loamSilty clay loam Silty loamSilty loam  Silty clay loamSilty clay loam
Water retention at -33.3 kPa 
(v/v) 
0.446c  0,351a  0,361b 
Swell-shrink index -0.07a -0.04a  -0.08a -0.07a  -0.20b -0.29c 
initial MWD (mm) 0,196a  0.218b  0,190a 
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Table 4.7.2. a) Results of analysis of variances  of dry aggregate mean weight diameters 
after (a) 4 and (b) 12 months of experimentation. ***, **, and * indicate significant 
differences at the 0.001, 0.001 and 0.05 probability level, respectively. ns = non significant 
differences. 
 
a) 4 months            
Soil layer 0 - 5 cm  5 - 10 cm   10 - 15 cm 
Source of variation d.f. F-ratio Sig. Level  d.f. F-ratio Sig. Level   d.f. F-ratio Sig. Level
A Soil degradation 2 18,97 ***  2 22,16 ***  2 17,14 *** 
B Vegetation 1 94,64 ***  1 172,04 ***  1 136,14 *** 
C Water regime 1 75,8 ***  1 94,55 ***  1 85,22 *** 
Interactions                      
AxB 2 0,435 ns  2 7,69 **  2 2,19 ns 
AxC 2 4,94 *  2 1,77 ns  2 0,511 ns 
BxC 1 0,065 ns  1 15,35 ***  1 14,56 *** 
AxBxC 2 1,09 ns  2 1,06 ns  2 2,26 ns 
Residual 24      24       24     
            
b) 12 months            
Soil layer 0 - 5 cm  5 - 10 cm   10 - 15 cm 
Source of variation d.f. F-ratio Sig. Level  d.f. F-ratio Sig. Level   d.f. F-ratio Sig. Level
A: Soil degradation 2 38,83 ***  2 22,16 ***  2 14,34 *** 
B:Vegetation 1 278,25 ***  1 172,04 ***  1 350,64 *** 
C Water regime 1 171,64 ***  1 94,55 ***  1 90,51 *** 
Interactions                      
AxB 2 10,26 ***  2 7,69 **  2 3,39 * 
AxC 2 5,21 *  2 1,77 ns  2 2,91 ns 
BxC 1 10,38 **  1 15,35 ***  1 9,72 ** 
AxBxC 2 1,93 ns  2 1,06 ns  2 3,24 ns 
Residual 24      24       24     
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Table 4.7.3. Number of soil wetting drying cycles and their mean daily duration in the 
pots with Pasture, conventionally (CT) and eroded conventionally tilled (CTer) soils. 
 
 
  0-4 months 4-12 months 
    N° cycles Days / cycle N° cycles Days / cycle
Pasture 8 15,0 20 18.2 
CT 11 10,9 23 15.9 
 Sterelized 
CTer 11 10,9 23 15.9 
      
Pasture 20 6,0 38 9,6 
CT 19 6,3 36 10,1 
Ryegrass 
   
CTer 19 6,3 36 10,1 
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Table 4.7.4. Dry root and aerial biomass of ryegrass, and organic carbon content 
(average across water stable aggregate sizes) in dry soil of ryegrass pots, under 
different soil degradation levels, water regimes (FC = constant field capacity; W/D = 
wetting - drying cycles), and soil layers. Standard errors of the means are between 
parentheses. 
 
 Pasture 
  Root biomass (g DM m-3 ) Aerial biomass (g DM m-2)  Org C (g kg-1) 
soil layer FC W/D cycles  FC W/D cycles   FC W/D cycles
   585,6 (1,66) 480,33 (18,2)    
0 - 5 cm 35.11 (8.31) 16.61 (2.93)    16.97 (0.51) 18.17 (1.40)
5 - 10 cm 13.69 (4.39) 5.81 (0.67)    17.21 (0.63) 17.34 (14.8)
10 - 15 cm 11.34 (1.69) 9.99 (0.54)        16.91 (032) 20.19 (0.27)
 Conventional tillage 
  Root biomass (g DM m-3 ) Aerial biomass (g DM m-2)  Org C (g kg-1) 
soil layer FC W/D cycles  FC W/D cycles   FC W/D cycles
   471,7 (4,69) 445,5 (17,7)    
0 - 5 cm 30.93 (9.93) 16.21 (4.06)    16.59 (1.20) 14.55 (0.15)
5 - 10 cm 7.97 (1.15) 10.53 (5.08)    16.73 (0.99) 14.30 (0.25)
10 - 15 cm 7.97 (1.15) 10.53 (5.08)        14.9 (1.06) 14.39 (0.09)
 Eroded Conventional tillage 
  Root biomass (g DM m-3 ) Aerial biomass (g DM m-2)  Org C (g kg-1) 
soil layer FC W/D cycles  FC W/D cycles   FC W/D cycles
   391.2 (21,1) 360,75 (9,83)    
0 - 5 cm 21.74 (6.56) 22.96 (2.81)    12.06 (0.28) 12.13 (0.13)
5 - 10 cm 10.53 (5.08) 9.05 (2.63)    11.70 (0.22) 11.75 (0.12)
10 - 15 cm 10.53 (5.08) 9.05 (2.63)        11.80 (0.2) 11.78 (0.15)
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Figure 4.7.1. Diagram of the factorial design to test abiotic and biotic effects on 
soil aggregation. CT: conventional tillage; CTer= eroded CT; FC = pots under 
constant field capacity; W/D= pots under wetting-drying cycles. 
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Figure 4.7.2. Soil aggregate size as measured by its dry mean weight diameter 
(MWD) at four months of the onset of the experiment, of Pasture,  conventionally 
tilled (CT), and eroded conventionally tilled (CTer) soils, in sterelized (a, b, c) and 
ryegrass (d, e, f) pots under constant field capacity (FC) and wetting-drying (W/D) 
cycles. Standard errors of the means are indicated by bars. 
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Figure 4.7.3. Soil aggregate stability as measured by wet mean weight diameter 
(wet MWD) at four months of the onset of the experiment of Pasture,  
conventionally tilled (CT), and eroded conventionally tilled (CTer) soils, in sterilized 
(a, b, c) and ryegrass (d, e, f) pots under constant field capacity (FC) and wetting-
drying (W/D) cycles. Standard errors of the means are indicated by bars. 
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Figure 4.7.4. Size distribution of water stable aggregates in the 5-10 cm layer of 
the studied soil degradation levels, in sterilized  (a, b and c) and ryegrass (d, e 
and f) pots, under constant field capacity and wetting-drying (W/D) cycles. 
Standard errors of the means are indicated by bars. 
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Figure 4.7.5. Relationship between dry MWD values determined at 4 months, 
and at 12 months of the onset of the experiment, of Pasture, conventionally tilled 
(CT), and eroded conventionally tilled (CTer) soils, under constant field capacity 
(FC) and wetting-drying (W/D) cycles, in a) unvegetated and b) ryegrass pots. *** 
= coefficient of determination significant at the 0.001 probability level. 
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Figure 4.7.6. Relationship between wet MWD  determined at 4 months, and at 12 
months of the onset of the experiment, of Pasture, conventionally tilled (CT), and 
eroded conventionally tilled (CTer) soils, under constant field capacity (FC) and 
wetting-drying (W/D) cycles. *** = coefficient of determination significant at the 
0.001 probability level. 
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4.8. Soil cracking and shrinkage under different management regimes 
 
4.8.1. Introduction 
Silty loam soils sustain most of the production of edible crops in the rolling 
Pampa of Argentina (Senigagliesi and Ferrari, 1993). In this region different soil 
degradation levels can be recognized. The combination of long-term agriculture (e.g. 
soybean monocropping and wheat-soybean double cropping) and conventional tillage 
(e.g. mouldboard and disc ploughs, harrow disks, etc.) led to widespread moderate soil 
degradation (Madonni et al., 1999; Senigagliesi and Ferrari, 1993).  This is characterized 
by soil organic carbon losses and the physical deterioration of topsoil, as shown by the 
development of surface crusts, poor seedbed conditions, and laminar water erosion 
(Senigagliesi and Ferrari, 1993). In sloped areas soil degradation reaches severe level. 
This is caused by water erosion losses, which lead to shallow A horizons often mixed with 
the below lying clayey Bt horizon during ploughing (Logan et al., 1991). Soil macropore 
volumes as low as 5 % were determined in pampean silty loams (Micucci and Taboada, 
2006; Taboada et al., 1998). 
Topsoil structure is believed to be little resilient in silty loams, which was ascribed 
to their poor volumetric response during the normal soil wetting-drying (W/D) cycles 
(Cosentino and Pecorari, 2002; Douglas et al., 1986; Stengel et al., 1984). Several 
authors found recovery periods of topsoil porosity as long as three years in non plowed 
silty loams (Douglas et al., 1986; Pierce et al., 1994; Thomas et al., 1996; Voorhees 
and Lindstrom 1984). The abiotic recovery of topsoil porosity mainly depends on the 
creation of a dense network of fine microcracks in a compacted soil mass (Dexter, 1988; 
1991). These fine microcracks are the future voids of soil, while the walls of voids 
represent the limits of future aggregates. Soil cracks are the result of the development 
of internal stresses within the solid matrix, when soil dries and shrinks (Towner, 1987; 
1988; Dexter, 1988; 1991). Soil volume changes take place in soils, having at least 8 % 
active clay in their solid phase (Dexter, 1988).  
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Soil cracks are the result of the development of internal stresses within the solid 
matrix, when soil dries and shrinks (Towner, 1987; 1988; Dexter, 1988; 1991). 
Magnitude of cracking and type of cracks depend on a number of factors, including clay 
percentage, clay mineralogy, number of W/D cycles, and type of adsorbed cations, rain 
distribution, native vegetation and land use (Kosmas et al., 1991; Vogel et al., 2004). 
The crack pattern can be characterized in terms of the distribution of crack lengths and 
width and the size distribution of aggregates (Vogel et al., 2004). Large cracks give 
way to inconvenient large aggregates, typically characterized by their deficient internal 
aeration (Dexter, 1988).  
Soil shrinkage curves (ShC) allow the discussion about the relations among 
solid, liquid and gaseous soil phases during drying (Boivin et al., 2004; 2006 b; 
Bradeau et al., 1999; 2004; Mc Garry and Daniells, 1987). They often have sigmoid (S) 
shape, composed by linear and curvilinear parts (Figure 4.8.1). It is meaningful to 
determine the slope of linear parts of ShCs. When this slope is one, it means that there 
is no air entrance to soil pores during drying. However, most structured soils have 
linear slopes lower than unity (Bradeau et al., 1999; Boivin et al., 2004).  
Bradeau et al. (1999) showed that the XP model gives the most general and 
best fitting to experimental data. In this model the ‘S’ shape shrinkage curve is divided 
in three linear phases and two curvilinear phases separated by four transition points 
(Figure 4.81). The soil shrinkage shows a shrinkage limit (SL) and an air entry point 
(AE). The linear phase at water contents lower than SL does not necessarily have a 
zero slope and is called residual shrinkage. The linear phase for water contents higher 
than AE have slope generally not 1, and is called basic shrinkage, using the 
terminology of Mitchell (1992). At higher water content, the basic shrinkage ends with a 
transition point called macroporosity limit (ML). ML is followed by a curvilinear phase, 
which ends with a fourth transition point, assumed to be the point of maximum swelling 
of the plasma (MS) in the soil. From MS to water saturation is the last linear phase 
called structural shrinkage. The XP model assumes that the bulk soil shrinkage 
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combines linearly the shrinkage of two distinct pore volumes called microporosity and 
macroporosity (Boivin et al., 2006 b). In such model it is then relevant to distinguish 
between air and water in plasma (clay and silt particles) and in macropores during 
drying (Boivin et al., 2006 b). 
In a previous work, Taboada et al. (2004) found soil aggregate stability to be 
maximized by synergistic effects from W/D cycles and vegetation. This suggests that 
soil volume response is not as poor as believed in pampas silty loams. In the present 
work we aim to investigate the development of desiccation cracks and shrinkage in a 
silty loam, under different management regimes. It is expected that variations in 
intrinsic soil properties caused by management change soil volumetric response to 
W/D cycles. For instance, this response will be increased in eroded topsoils, which 
underwent clay-enrichment during plowing.  
 
4.8.2. Materials and methods 
 
Soils and treatments 
 
Study soils and management regimes were already described in Chapters 4.3 
(Figure 4.3.2) and  4.7 (Table 4.7.1).  
 
Determinations 
 
Soil cracking: 
 
A greenhouse pot experiment was carried out to investigate soil cracking.  Soil 
taken in each selected site was air-dried, ground and sieved (0.50 mm). Three kg of dry 
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sieved soil (< 0.25 mm aggregate size) was placed in plastic pots (15 cm height, 15 cm 
diameter) in October (spring time). Three replicates per soil management regime were 
taken. In the pots soil water content was let to vary from field capacity (-33.3 kPa matric 
potential) to half field capacity (checked by weight). Water was gently added with a 
sprinkler to minimize the kinetic energy of water dropping on the soil of the pots. The 
number of watering times (W/D cycles) was recorded in each pot during the 
experiment.  
After 4 months of the beginning of the experiment, the depth of each crack was 
measured by a copper wire (0.35 mm diameter), and its width was measured with a 0.1 
mm precision caliber, provided the crack had wider diameter than the wire. All 
measurements were made six times in a gentle way, to avoid the crumbling and 
enlargement of cracks. Each crack was traced on acetate foil, and the picture projected 
on a screen, taking into account the scale of projection. The length of cracks was 
measured on this projection, using a device for measuring curves (0.25 mm precision). 
 Volume of cracks was calculated from an equation proposed for triangular 
cracks by Ringrose-Voase and Sanidad (1996): 
    V = A . L    [1] 
being: 
 V = volume of the crack 
 A = mean surface 
 L = length of the crack 
Mean surface, A, was calculated from this equation: 
    A = ½ n . Σ (W . D)   [2] 
being: 
 n = number of replicates 
 W = width of the crack 
 D = depth of the crack 
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 The size distribution of cracks was determined after tracing all cracks on 
acetate foil, and distinguishing between cracks of different orders (1st, 2nd, and so on) 
by colors, as depicted by Figure 4.8.2. The order of cracks was defined as follows: a) 
1st order: those found isolated and non subdivided; b) 2nd order: they began in a 
subdivision of 1st order cracks, and continued in a new subdivision by their longest 
side; and 3rd order and others: they were determined in the same way than 2nd order 
(Figure 4.8.2). 
 Density of cracks (Id) was calculated as follows: 
    Id = L / S    [3] 
being  
L = length of each crack order 
 S = surface of the pot  
 
Differences among soils in crack volume and in the volume of each size order 
were evaluated by means of their variances, using the  Statistix 7.0 ® package. 
Significantly different means were recognized by the least significant difference.   
 
Clod shrinkage curves: 
  
 Twenty aggregates were used to build up the ShC of clods (Boivin et al., 2006 
b; Bradeau et al., 1999; 2004; Mc Garry and Daniells, 1987). Undisturbed samples 
were taken at moist conditions from A and Bt horizons in each management regime. 
Samples were partially dried in the laboratory, so that natural clods (2-3 cm diameter) 
could be easily separated by hand. Clods were wetted over filter paper in contact with 
water saturated cotton. From saturation, five clods were removed at two-day intervals 
during air-drying to determine their volume following the method for bulk density of 
aggregates described by Burke et al. (1986). It consists in submerging the aggregates 
in kerosene for 24 h, and drying them quickly on blotting paper just until the peripheral 
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film of kerosene is eliminated. The volume of aggregates was measured by hydrostatic 
upthrust in the kerosene. Clods were oven-dried to determine their gravimetric water 
content. The inverse of soil bulk density, i.e. specific soil volume, V, was plotted against 
the gravimetric water content, W.    
A non linear simplex method (Chen et al., 1986) was used to fit the XP model to 
the experimental clod shrinkage data. The XP model was entirely determined by fitting 
the coordinates of the four transition points, SL, AE, ML and MS (Bradeau et al., 1999). 
The corresponding equations are presented in Table 4.8.1. Each transition point was 
determined its two coordinates namely: water content and corresponding bulk volume. 
The equations giving the plasma porosity Vp and the plasma water content Wp are 
presented in Table 4.8.2, as shown by Boivin et al., (2006 b). The air content of the 
plasma was calculated as Vp – Wp. The macroporosity Vma was calculated as V – Vp – 
1/ρV being the bulk specific volume of the clod and ρbeing the specific volume of the 
solid phase (Table 1). The water content of the macroporosity Wma was calculated as 
W – Wp, W being the gravimetric water content of the clod, and the air content of the 
macroporosity is calculated as V – Vp – 1/ρ - Wma. 
 
4.8.3. Results and Discussion 
 
Soil cracking 
 
During the greenhouse experiment, the pots were watered to field capacity 11 
times in CT and CTer soils, and eight times in the Pasture.  As a result, the mean rate 
of W/D cycles was 10.9 days in CT and CTer soils and 15 days in the Pasture. 
The volume of desiccation cracks was equally low at all water contents in CT 
and Pasture soils, and increased by about six-fold in the air dry CTer soil (Figure 4.8.3 
a). From the number of factors that potentially affect magnitude of cracking (Kosmas et 
al., 1991; Vogel et al., 2004), only clay percentage and clay mineralogy exerted 
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significant influence. This is so because of both properties were the only different in the 
A2 horizon of CTer soil (Table 4.7.1; Ch. 4.7). The number of W/D cycles, in change, 
did not affect soil cracking. Unlike, the pattern of soil cracks was little affected by soil 
management regime (Figure 4.8.3 b). Most cracks belonged to 2nd and 3rd orders in CT 
and CTer soils, and to 1st order in the organic C – rich Pasture soil. The smaller crack 
sizes (4th and 5th orders) were few or inexistent in all studied soils. A little favourable 
dry aggregate size distribution (Vogel et al., 2004) can be then expected in these soils, 
regardless their clay percentage and clay mineralogy. 
 
Shrinkage curves 
 
 Clod ShCs of A and B horizons are shown by Figures 4.8.4 through 4.8.10 
(a, b). Following Boivin et al. (2006), clod shrinkage data and the fitted XP models are 
presented in the top of each figure (a); calculated values (according to Table 4.8.2) of air 
and water in plasma, and air and water in macroporosity are presented in the bottom (b). 
ShCs here determined did not correspond to a single volume of soil, as performed by 
other authors (Boivin et al., 2004; 2006 b; Bradeau et al., 1999; 2004), but to several 
individual soil clods.  In our case the XP model fitted a scatter of points (i.e. clods), each 
one with its proper specific volume and W values. The ML and MS transition points at the 
wetter part of ShCs were generally calculated on the basis of scarce data, or could not be 
directly calculated (Fig. 4.8.6 b, Table 4.8.3). Because of this, our clod ShCs had little 
shrinkage structural phase and the expected S-shape of structured soils could not be 
easily perceived. Only the A1 horizon of Pasture had a typical sigmoid shape (Figure 
4.8.5 a). In the clayey Bt horizon clod drying followed the saturation line, showing that it 
behaved like clay paste (Giraldez et al., 1983).  
  The studied A horizons differed in their water content ranges of clod shrinkage. In 
CT and CTer soils W ranges increased from Ap to A2 horizons (Figs. 4.8.4 a through 
4.8.7 a), and so happened with the swelling capacity of these soils (Table 4). In change, 
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clod shrinkage ranges were similar in A1 and A2 horizons of Pasture soil (Figs. 4.8.8 a, 
4.8.9 a). Interesting to note, only in CTer soil its A2 horizon had higher clay percentage 
and swelling clay mineralogy (Table 4.7.1; Ch. 4.7). This indicates that some mechanical 
action promoted by soil cultivation increased soil swelling in A2 horizons of these silty 
loams. It is hard to relate this increase in soil swelling capacity in cultivated A2 horizons to 
the swelling capacity of their plasma (Table 4.8.3). This relation becomes evident in the 
clayey Bt horizon, in which the swelling capacity of both bulk soil and plasma were the 
highest. 
 The basic shrinkage zone, which is defined between the ML and AE transition, 
points (Fig. 1), differed among A horizons. The ML – AE range was narrow in the A1 and 
A2 horizons of Pasture soil (Figs. 4.8.8; 4.8.9), and was almost inexistent in the Ap 
horizon of CT soil (Fig. 4.8.5). The rest of soils had wider basic shrinkage zone. Basic 
shrinkage slope, KBS, was << 1 in the Ap horizon of CTer soil (Table 4.8.3), showing air 
entrance during shrinkage (Boivin et al., 2004; 2006 b; Bradeau et al., 1999; 2004; Mc 
Garry and Daniells 1987; Mitchell, 1992). In change, slopes approached or were unity in 
A2 horizons of both CT and CTer soils (Table 4.8.3). In them, decreases in specific soil 
volume were equivalent to those in W (Mc Garry and Daniells, 1987, thus showing the 
collapse of pore system during drying (Boivin et al., 2006 b). This lower stability of pores 
can be regarded –like the higher soil swelling capacity- as another effect of long term 
cultivation. The basic shrinkage zone was wider and KBS slope was unity in the Bt horizon 
(Fig. 4.8.10; Table 4.8.3), showing a like- clay paste behavior in this clayey soil (Giraldez 
et al., 1983). This behavior is not the effect of cultivation, but of its clay percentage and 
mineralogy.  
The AE transition point can be affected by management (Mc Garry and Daniells, 
1987). The higher is AE; the better is the aeration capacity of soil (Gibbs and Reid 1988). 
However, neither WAE nor VAE differed greatly from Pasture to CT and CTer soils (Table 
4.8.3). This shows that soil management affected little AE location in the studied A 
horizons.  
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All clod ShCs determined in A horizons were characterized by long curvilinear AE 
– SL transitions (Figs. 4.8.5 through 4.8.10). This shows a not simultaneous departure of 
swelling and condensed water pools during drying (Boivin et al., 2004; Bradeau et al., 
2004). In addition, all A horizons also had extended residual shrinkage zones (from SL to 
air dry), showing air entrance to soil pores during this W range.  In a recent paper, Boivin 
et al., (2006 a) modeled soil shrinkage and retention curves with the same equation. In 
simultaneously measured curves, it can be found that the smaller pores are mainly 
responsible of pore drainage during residual shrinkage. The sum of clay and silt (soil 
plasma) was over 90 % in the studied A horizons (Table 4.7.1; Ch. 4.7), showing the low 
proportion of sand particles that represent soil skeleton. Boivin et al., (2004) showed the 
microporosity is same as the porosity of soil plasma. It is not then surprising the high 
values of air in plasma calculated in all A horizons (Figs. 5 through 4.8.10 b; Table 4.8.3). 
The removal of swelling water from them caused shrinkage of the concerned pore 
system, giving way to lacunar and interparticle pores with pore diameter ≤10 m on dry 
samples (Boivin et al., 2004; Fies and Bruand, 1998). 
 When clods were air dry, calculated air in macroporosity were about 0.06 v/v in 
both A horizons of Pasture (Figs. 4.8.8 b; 4.8.9 b). Air in plasma, in change, was as high 
as 0.23 v/v. This low participation of macroporosity in soil aeration persisted in cultivated 
soils (Figs. 4.8.5 b through 4.8.8 b), and is consistent with the low macroporosity values 
often determined in pampean silty loams (Micucci and Taboada, 2006, Taboada et al., 
1998). Both cultivated soils (CT and CTer) showed higher air in macroporosity in Ap than 
in A2 horizons. In Ap horizons, air in macroporosity and air in plasma had similar 
proportions than those in Pasture. However, the quality of macropores worsened taking 
into account the platy structure of Ap horizons in CT and CTer soils (Table 4.7.1; Ch. 4.7). 
This platy aggregation is a consequence of soil degradation, and limits soil infiltration 
rates (Sasal et al., 2006; Taboada et al., 2004). In change, none air in macroporosity was 
found in the below lying A2 horizons. In them, there only was air in plasma when dried 
and shrunken at maximum (Figs. 4.8.5 b; 4.8.7 b). These A2 horizons behaved like the 
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clayey Bt horizon, in which none air in macroporosity was also found when dry (Fig. 
4.8.10 b).  
 
Soil cracking and clod shrinkage relationships 
 
Present results on air in macroporosity in A horizons agree well with the lack of 
fine cracks (4th and 5th order) found in the cracking experiment (Fig. 4.8.3 b). These 
absent fine cracks could have been the future soil macropores (Dexter, 1988; 1991). In a 
theoretical model, Towner (1987; 1988) proposed that the formation of drying cracks is 
the result of the agglutination of clay platelets around coarse-grain particles (i.e. sand). 
The studied silty loams have only < 10 % by weight very fine sand (50 - 100 µm) (Table 
4.7.1; Ch. 4.7). This lack of a minimum amount of coarse-grained materials 
homogeneously distributed within the soil matrix can be then regarded as the main 
cause for the lack of fine cracking in the CTer soil, despite its higher percentage of 
swelling clay.  
Against expectation, variations in intrinsic soil properties affected little soil 
volumetric response to W/D cycles. This could be seen in the clay-enriched CTer soil, 
which had similar clod ShCs and calculated shrinkage parameters than the also 
cultivated CT soil. In them, clod ShCs was similar but differed from those in Pasture. 
This suggests that other consequence of soil management, none measured in this 
study- could cause the different swelling behaviour in them.  
 Results allow us to reconsider some preexisting ideas about the structural 
behavior of Pampas silty loams. Even having non swelling clay mineralogy, they do not 
have poor volumetric response to soil W/D cycles.  
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Table 4.8.1. Equations of the XP model according to Bradeau et al. (1999). 
 
 
KBS =  [VAE - VML]/[WAE - WML)
KBS = [-KStr + (exp (1) - 1) x (VML - VMS)/(WML - WMS)]/exp(1) - 2
KStr = [VStr - VMS]/[WStr - WMS]with VStr, WStr values recorded in the structural part
KStr = [VML - VMS] x [exp(1) - 1]/[WML - WMS] - KBS x [exp(1) - 2]
KR =  [VR - VSL]/[WR - WSL) with VR, WR, values recorded in the residual part
KR = VAE - VSL] x [exp(1) - 1/[WAE - WSL] - KBS x [exp(1) - 2]
Range of W values Calculation of V
W > WMS V = VMS - KStr x (WMS - W)
Wn = (W - WMS)/(WML - WMS)
V = VMS + (VML - VMS) x [KBS x (exp(Wn) - Wn - 1) + KStr
x (exp(1) - Wn - exp(Wn) - 1)]/(KBS - (exp(1) - 2) + KStr)
WAE < W < WML V = VML - KBS x (WML - W)
Wn = (W - WSL)/(WAE - WSL)
V = VSL + (VAE - VSL) x [KBS x (exp(Wn) - Wn - 1) + KR
x exp(1) x Wn - exp(Wn) - 1)]/[(KBS - (exp(1) - 2) + KR)
W < WSL V = VSL - KR - (WSL - W)
WSL < W < WAE
SL, shrinkage limit; AE, air entry; ML, macroporosity limit; MS, maximum swelling; V, bulk specific volume; W, gravimetric water 
content. WSL, WAE, WMS, VSL, VAE, VML, VMS are the gravimetric water content and specfic volume at the SL, AE, ML and MS 
trans
Slope of the basic shrinkage, KBs
Slope of the structural shrinkage, KStr
Slope of the residual shrinkage, KR
WML ≤ W ≤ WMS
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Table 4.8.2. Calculation of the plasma porosity Vp and its water content Wp using the  
XP model (according to Boivin et al. 2006). 
 
Range of warter content Vp (cm
3 g-1) Wp (cm
3 g-1)
W < WSL (WAE + 0.718 x WSL)/1.718 W
WSL < W < WAE (1.718 x WSL + (WAE - WSL) x (e
Θ - Θ))/1.718 W
Θ = W - WSL/WAE - WSL
W = WAE W Vp
WAE < W < WML W Vp
W < W < WMS (1.718 x WMS + (WML - WMS) x (e
Θ - Θ)/1.718
Θ = W - WMS/WML - WMS
W = WMS (WML + 0.718 x WMS)/1.718 Vp
WMS < W (WML + 0.718 x WMS)/1.718 Vp  
 
The air content of the plasma is calculated as Vp – Wp. The macroposity as V – Vp – 1/PD (PD = particle density in Table 1). The water content 
of the macroporosity Wma is calculated as W – Wp, and the air content of the macroporosity is calculated as V – Vp – 1/PD – Wma (adapted from 
Boivin et al., 2006). W: gravimetric water content of the clod. WSL, AE, ML, MS: gravimetric water content at SL, AE, ML and MS transition points. 
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Table 4.8.3. Swelling capacity of the soil (SC) and the plasma (SCp), slope of the structural shrinkage (KStr), of the basic 
shrinkage (KBs), water content and bulk specific volume coordinates of the transition points SL, AE, ML and MS, and 
corresponding plasma- and macroporosities as determined with the XP model. 
 
Parameter Parameter
CT CT
Ap A2 Ap A2 A1 A2 Bt Ap A2 Ap A2 A1 A2 Bt
SC (%) 14.73 46.5 23.6 47.6 27.9 37.0 86.0 Vp (SL) (cm
3 g-1) 0.191 0.28 0.141 0.194 0.222 0.234 0.147
KST (cm
3 g-1) 0.548 2.300 0.842 0.745 0.550 - - Vma (SL) (cm
3 g-1) 0.204 0.120 0.100 0.201 0.173 0.161 0.248
KBS (cm
3 g-1) 0.549 0.805 0.571 1.034 1.382 0.857 0.988 Vp (AE) (cm
3 g-1) 0.247 0.364 0.212 0.265 0.271 0.309 0.198
KRES (cm
3 g-1) 0.210 0.317 0.156 0.082 0.072 0.120 0.100 Vma (AE) (cm
3 g-1) 0.148 0.031 0.000 0.130 0.173 0.086 0.197
WSL (g g
-1) 0.112 0.150 0.041 0.095 0.154 0.129 0.076 Vp (ML) (cm
3 g-1) 0.258 0.475 0.283 0.360 0.299 0.340 0.512
VSL (cm
3 g-1) 0.684 0.676 0.660 0.607 0.626 0.660 0.559 Vma (ML) (cm
3 g-1) 0.137 0 0.000 0.035 0.096 0.055 0
ϕSL (cm3 g-1) 1.463 1.479 1.515 1.648 1.596 1.515 1.789 Vp (MS) (cm3 g-1) 0.294 0.504 0.317 0.412 0.328 - 0.558
WAE (g g
-1) 0.247 0.364 0.212 0.265 0.271 0.309 0.200 Vma (MS) (cm
3 g-1) 0.101 0 0 0 0.067 - 0
VAE (cm
3 g-1) 0.731 0.788 0.717 0.688 0.699 0.737 0.620 SCp (%) 53.9 83.3 124.9 112.6 47.9 - 279.6
WML (g g
-1) 0.258 0.475 0.283 0.360 0.299 0.340 0.510
VML (cm
3 g-1) 0.737 0.877 0.757 0.786 0.738 0.764 0.930
WMS (g g
-1) 0.344 0.543 0.364 0.486 0.370 - 0.620
VMS (cm
3 g-1) 0.784 0.991 0.816 0.895 0.801 - 1.040
ϕMS (cm3 g-1) 1.275 1.009 1.225 1.117 1.248 - 0.96
Shrinkage propertiesShrinkage properties 
PastureCter PastureCter
 
 
Macroporosities were deduced from Table 4.8.2. Bulk density ρ at SL and MS are calculated as the inverse of the bulk specific 
volume. 
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Figure 4.8.1. Example of soil shrinkage curve with the transition 
points: SL, shrinkage limit; AE, air entry; ML, macroporosity limit; 
and MS, maximum swelling; and linear phases of the XP model 
(taken from Boivin et al., 2006). 
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1st order
2nd order
3rd order
4th order
5th order
 
Figure 4.8.2.  
Surface cracks 
traced on acetate foil. 
Cracks of different 
size orders are 
distinguished by 
different colors. 
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Figure 4.8.3. a) Total volume of cracks at the end of greenhouse 
experiment, measured at different soil water contents; and b) crack size 
distribution at air dry conditions in the studied soil management regimes. 
Standard errors of the means are indicated by bars. Different letters 
indicate significant differences between means at the 0.05 probability 
level.  
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Figure 4.8.4. Experimental clod shrinkage curve of a silty loam Ap 
horizon, under conventional tillage (CT) management regime. Top: 
standardized experimental data and fitted model (a); and bottom: 
cumulated calculated porosities (b).  
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Figure 4.8.5. Experimental clod shrinkage curve of a silty loam A2 
horizon, under conventional tillage (CT) management regime. Top: 
standardized experimental data and fitted model (a); and bottom: 
cumulated calculated porosities (b).  
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Figure 4.8.6. Experimental clod shrinkage curve of a silty loam Ap 
horizon, under eroded conventional tillage (CTer) management regime. 
Top: standardized experimental data and fitted model (a); and bottom: 
cumulated calculated porosities (b).  
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Figure 4.8.7. Experimental clod shrinkage curve of a silty loam A2 
horizon, under eroded conventional tillage (CTer) management regime. 
Top: standardized experimental data and fitted model (a); and bottom: 
cumulated calculated porosities (b).  
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Figure 4.8.8. Experimental clod shrinkage curve of a silty loam A1 
horizon, under Pasture management regime. Top: standardized 
experimental data and fitted model (a); and bottom: cumulated calculated 
porosities (b).  
0.0
0.2
0.4
0.6
0.8
1.0
0.0 0.2 0.4 0.6
Water content (g g-1)
Sp
ec
ifi
c 
vo
lu
m
e 
(c
m
3  g
-1
)
air in macroporosity
air in plasma
Solid phase Shrinkage limit
Air 
entry
Macroporosity
limit
Maximum
sw elling
Water in plasma
Water in macroporosity
Saturation line
a) Pasture A1 horizon
0
0.2
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8 1
Normalized Water content
N
or
m
al
iz
ed
 S
pe
ci
fic
 V
ol
um
e
Shrinkage data
XP model
 331
 
 
Figure 4.8.9. Experimental clod shrinkage curve of a silty loam A2 
horizon, under Pasture management regime. Top: standardized 
experimental data and fitted model (a); and bottom: cumulated calculated 
porosities (b).  
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Figure 4.8.10. Experimental clod shrinkage curve of a clayey Bt horizon. 
Top: standardized experimental data and fitted model (a); and bottom: 
cumulated calculated porosities (b).  
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4.9. Concluding remarks on Rolling Pampa soils 
 
4.9.1. Soil physical behaviour under zero tillage 
 
 Results obtained in Chapters 4.4 and 4.5 provided evidence on soil 
behaviour under both short-term and long-term ZT. In two of the study sites 
(Bragado and Peyrano) soils were sampled after three-four years ZT and several 
years later, after more than 10 years ZT.  Soil organic carbon showed no 
significant variation from CT to ZT lots at any sampling time (Table 4.4.1 and 
Figure 4.5.2), showing that ZT did not affect total organic C balance. Pasture lots 
had always significantly higher organic C content than CT and ZT lots. This 
shows that long-term CT caused the expected organic C decreases, but long 
term ZT did not recover the original organic C values. 
 In the studied Mollisols total organic carbon is mostly composed by stable 
or humified fractions, characterized by their high time residence in soils, and that 
were not affected even after several years of continuous ZT. This lack of impact 
on C balance is not attributable to soybean monoculture, as happens in many 
farms of the Pampas region, since crop rotations included wheat and maize in all 
study sites.  In change, ZT improved topsoil soil structural stability which recovers 
the original high values of Pasture lots (Figure 4.5.3).  This can be explained by a 
change in more active (and labile) organic C fractions, like those related to soil 
polysaccharides, mucilages, uronic acids, etc. These fractions are only a minor 
part of total organic carbon, and could not be measured by the used technique 
(Walkley and Black method). As they have little time residence in soil, it is 
expected that structural stability changes take place after short term ZT in soils.  
 Soil compactness is the result of a dynamic equilibrium caused by both 
natural and made man forces, ones compacting the soil and others loosening the 
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soil. This equilibrium is regulated to soil organic C and texture, which determines 
soil compactibility defined by the response to Proctor tests. In the studied soils, 
compactibility was always higher in Pasture than cultivated soils, and in coarse-
textured than in fine-textured soils. This occurred regardless the number of years 
under continuous ZT.  Soil relative compaction, which is calculated by the 
quotient between filed bulk density and Proctor maximum density, showed no 
evidence of total porosity variations because of ZT at any study site and sampling 
time (Tables 4.4.1 and 4.5.3). 
 Soil compaction often results from the collapse of topsoil macropores  
under a given load. Pore size distribution and macropore volume showed a 
surprising lack of variation among study situations, even when comparing 
unploughed pasture with cultivated sites (Figures 4.4.1 and 4.42; Table 4.5.4). 
Soil macropore volume was affected by topsoil texture (sandy loams > silty 
loams), regardless soil management or cropping history. In other words, the 
porosity of the studied soils was then determined by genetic,  and not by made 
man factors. This configures the characteristics of little resilient behaviour.  
 Taking into account that unless 10 % soil volume occupied by large pores 
(> 50 µm in diameter) is required to allow free crop root growth, this threshold 
was only reached in sandy loams (Hapludolls), but not in silty loams (Argiudolls). 
So, low soil penetration resistance must be maintained in order to avoid a 
constrained physical environment to plant roots. In conventionally tilled soils, this 
loosen physical conditions is mechanically reached using tillage. However, this is 
not possible when soil is managed under continuous ZT. In these soils, the 
desirable low mechanical resistance can be only reached if soil remains moist, 
either by rainfall or by irrigation. 
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 Taking into account that agricultural compaction is the result ob combined 
macroporosity decreases and resistance increases, results allow discarding the 
occurrence of classical shallow compaction processes in the studied soils. The 
higher penetration resistance found at short term ZT (Figures 4.4.1 and 4.4.2) 
were not associated to porosity variations. So, they must be rather attributed to a 
process of hardening or ageing of topsoil.  
 To which extent those found high resistance values affected crop root 
growth? Results obtained in Chapters 4.5 (soybean) and 4.6 (maize) were 
coincident. None effect was never found on crops roots from zero tillage. This 
lack of effect can be also extended to CT, since crop root abundance was not 
affected by the induced plough pans either (Figures 4.5.4, and 4.6.1; Figures 
4.5.5 and 4.6.2). In change, results showed that both soybean and maize roots 
were affected by subsoil texture and structure. Tough Bt horizons such as those 
from Abruptic and Vertic Argiudolls, or directly Vertisols, represented a barrier to 
soybean roots and affected the horizontal distribution of maize roots.    
 Crop roots showed a freer rooting pattern in sandy loams and loams, 
which have non clayey B horizons. Taking into account that these soils also have 
higher genetic macroporosity, and hence, more available frees spaces for crop 
root growth, a better response to ZT can be expected in them. This accepts the 
first proposed working hypothesis. Despite, this better behaviour was not due to 
an hypothetical soil physical improvement under continuous ZT, but to the 
intrinsic better soil physical environment of sandy loams.  
 Soil physical properties were little affected by soil management, and so 
happened with crop root growth. The second working hypothesis can be then 
also accepted.  
 
4.9.2. Soil aggregation mechanisms 
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 Results showed than, unlike sandy loams, silty loams have always low 
macropore volume. So, crop roots must enlarge soil pores with diameters smaller 
than their own diameter, or directly to grow through the solid phase. This 
necessarily requires a loose or weak soil conditions, which is hard to be reached 
when soil is dry. The expected condition of “problem soils” is thus corroborated 
for silty loams. Which mechanisms are available in order to create a desirable 
topsoil aggregation and related macroporosity in these soils? 
Results obtained in Chapters 4.7 and 4.8 bring about soil abiotic and 
biotic aggregation mechanisms in silty loams under different soil degradation 
levels. As in other loams, soil aggregation was the result of the combined effect 
of wetting-drying cycles and biological stabilization (Figures 4.7.3 and 4.7.4).  
However, this interaction was not time dependent, as occurred within only four 
months in greenhouse conditions (Figure 4.7.5). Although greenhouses results 
are not easily applicable to the field, results here obtained indicate that stability 
improvement occur in shorter time periods tan previously supposed. This result 
might be investigated in future field trials (e.g. cover corps, and so on). 
Soil W/D cycles are believed to cause little effect on silty loams. Results here 
obtained contradict this idea, since even in soils that did not undergo clay 
enrichment significant volume changes with drying were found. This resembles 
the behaviour of other loams, which also show moderate swelling behaviour. 
However, the simulated management regimes affected little water-stable 
aggregation (Figures 4.7.3 and 4.7.4). The specific working hypothesis must be 
then rejected.   Mechanisms of aggregation were the same in all degradation 
levels. Clay enrichment did not improve soil structural behaviour in the studied 
silty loams. 
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 The formation of water-stable aggregates was maximized in pasture –and 
organic C- rich soils. Soil organic carbon increases by W/D cycles found in this 
soil (Table 4.7.5) support the idea of aggregate stabilization by chemical bonding. 
This is shown by a proposed conceptual model that explains the process leading 
to aggregate stabilization in silty loams (Figure 4.9.1). Large unstable aggregates 
(> 2 mm) are fragmented by fast (summer) W/D cycles, which at the same time 
produced the death of water-stressed roots. Labile organic C compounds, arose 
from either root decay or root exudation, are released to soil solution. They bond 
small (< 2 mm) clods, which arose from previous abiotic fragmentation, each 
other. The end result of this sequence of combined abiotic and biotic is the 
formation of large (> 2mm) water-stable aggregates. Same result is obtained 
because of the action of slow (winter)  W/D cycles, which also produce large 
water-stable aggregates. In this case, the process is not combined but only 
abiotic, since is due to cohesion development.  
 Soil structure can be then stabilized either by short-term combined abiotic 
and biotic processes, or a long-term abiotic process. The unstabilization process, 
in change, is only abiotic. This is due to the fragmentation of unvegetated soil by 
W/D cycles. This inconvenient situation is very close to that happened in the field 
during fallow periods in conventionally tilled soils. So, this management must be 
avoided in the region, in order to avoid the occurrence of rapid stability decreases 
in soil. The adoption of continuous ZT must be then equally promoted in silty 
loams of the region, despite of the lack of evident physical improvement in them.  
The effect of maintaining live roots all year round, that provide labile organic C 
compounds responsible for chemical bonding of aggregates, might be further 
investigated in silty loams of the region.   
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Figure 4.9.1. Conceptual model on the process of aggregate stabilization in 
Pampas silty loams. 
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5. GENERAL CONCLUDING REMARKS 
 
 Results here obtained allow accepting the proposed general hypothesis. 
They showed that soils with similar parent material (loess) and vegetation 
(grassland), but that afterwards evolved under different relief and soil use factors, 
have at last different structural behaviour in their topsoils. As hypothesized, the 
aggregation of topsoil was mainly abiotic in the flooding Pampa, where the soils 
are subjected to seasonal ponding and drying cycles. However, the soils had not 
the expected quasi-rigid behaviour in the rolling Pampa. Soil aggregation was not 
only biotic, but it was the result of abiotic and biotic mechanisms in silty loams of 
this region.  
 The different soil structural behaviour found in flooding and rolling Pampa 
soils can be explained from different points of view. One possible is by taking into 
account the well known Jenny’s equation on soil formation factors (Table 5.1 a). 
No difference can be found in two of six soil formation factors. Soils from both 
study regions evolved from similar parent material (aeolian loess sediments), and 
during also similar time period and climate. It does not happen the same with 
other soil formation factors. Relief is predominantly plane in the flooding Pampa, 
while is predominantly normal in the rolling Pampa. Differences in land form 
determine different regional drainage conditions, and hence, different magnitude 
of soil W/D cycles. They reach greater magnitude in the flooding Pampa than in 
the rolling Pampa. Soils from both regions evolved under grassland vegetation. 
However, considering the different soil aeration regimes, microorganisms are 
likely anaerobic facultative in the flooding Pampa, while are aerobic in the rolling 
Pampa. As a consequence, organic carbon dynamics also differs between 
regions. Both subregions were devoted to extensive grazing by semi-wild 
livestock up the end of XIX century. Afterwards, land use changed dramatically. 
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The flooding Pampa was devoted to livestock production on native grasslands, 
while the rolling Pampa to crop production. From those differing three soil 
formation factors, relief is likely the most important one. This is so because it 
changes magnitude of W/D cycles, by far the most important natural influence on 
soil structure.  
 Another point of view arises when considering both abiotic and biotic 
influences on soil structure (Table 5.1. b). Soils from both regions belong to the 
textural group of loams (15 – 35 % clay), and hence, their aggregation 
mechanisms are expected to be influenced by both abiotic and biotic 
mechanisms. This behaviour was found in silty loams of the rolling Pampa, in 
which the response to W/D cycles is moderate, and aggregate stabilization is the 
result of the interaction between abiotic and biotic mechanisms. However, these 
soils are little resilient in terms of mechanisms for creation of air filled 
macropores. In change, in the flooding Pampa soil structure behaviour depended 
mainly on the extreme hydric regime from ponding to dry soil conditions. This 
gave way to abnormal swelling and shrinking, which determined a seasonal 
structural stability regime. Because of this seasonal stability regime, structural 
resilience is high in flooding Pampa soils. Structural damages caused by cattle 
trampling when soil is dry are fastly recovered when soil is ponded again. This 
regime was opposite to that expected from the antecedent soil moisture content 
effect, which depends on soil cohesion development. Despite this soils is not 
vertisol, its structural regime resembles that of clay soils. They have maximum 
abiotic influences on aggregate formation, and biotic influences are minimal or 
not evident (Table 5.1. b).  
 Abiotic influences on soil structure are due to W/D cycles, and can be 
subdivided in those arose from (i) cohesion development and from (ii) 
fragmentation or microcracking. Biotic influences usually result from (i) chemical 
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bonding between soil particles and aggregates, by means of labile organic C 
compounds, and  (ii) physical binding or entanglement by plant roots and fungal 
hyphae. Table 5.2 attempts to analyze the influence of abiotic and biotic 
aggregation mechanisms, and their possible interactions, in each subregion. In 
the rolling Pampa, aggregate stabilization results from the interaction between 
aggregate fragmentation by short W/D cycles and chemical bonding, although 
abiotic stability increases by cohesion development are also possible after longer 
time periods. Other stabilizing mechanisms, such as the influence of physical 
binding by grass roots, can also occur. Although they were not found in the 
greenhouse experiment here carried out, their occurrence can not be discarded 
in the field.   Results on the flooding Pampa soils are not easy to classify 
following the criteria established for agricultural, unsaturated soils.  As already 
mentioned, biotic influences in them are not evident in them. Aggregate 
fragmentation does not result from microcracking, but the crushing action by 
cattle hooves. Soil structural resilience does not result from soil cohesion 
development, but from soil swelling when soil is ponded. Evidences of structural 
mellowing or partial slaking were found at those times. The no occurrence of total 
slaking when soil is “inflated” is likely due to its high organic matter content under 
native grassland vegetation. This could represent a non detected biotic effect, 
taking place when soil is ponded.   
 By last, additional visions of soil structural behaviours can be drawn from 
the different swelling behaviors. They can be regarded in a schematic diagram, 
which attempt to describe the different kind of soil volume changes taking place 
in Vertisols and Non Vertisols (Figure 5.1). 
 Vertisols represent a well known vision of soil swelling, which is mainly 
caused by inherent soil properties. In fact, Vertisols have clayey texture and 
definite swelling mineralogy, and as a result, they are extensively swelling, and 
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undergo normal shrinkage with none pore air entrance during drying. Non 
Vertisols, in change, seem to behave differently  as depending on which factor 
determines their volume changes. When this factor is an inherent soil property, 
like the amount of swelling clay, the process does not differ from that operating in 
Vertisols. This is shown by our results in rolling Pampa silty loams, which 
naturally have little to moderate swelling behavior. Only when degraded, and their 
shallow topsoil is enriched with swelling clay from subsoil during tillage, they 
acquire an extensive swelling behavior like that found in Vertisols. However, this 
soil swelling does not result in a desirable creation of fine microcracks which 
improve the low porosity recovery capacity of these silty loams.  
 When the swelling factor is not an inherent soil property, such as the case 
of trapped air (a climatic factor) in natric soils from the flooding Pampa, this leads 
to an accentuation of soil swelling. This is due to a process of “air inflation” during 
flooding, when air becomes trapped between two wetting fronts existing in the 
field (i.e. surface ponding and water table rises). But unlike that happened in 
cropped soils, in this seasonally ponded area, the accentuation of soil swelling 
determines a fast recovery of previously of soil pores previously damaged by 
trampling. These results in lowland grassland soils provide an additional, and  
probably little known, vision of soil swelling. They show that clay content and 
mineralogy are not the only reasons causing of noticeable soil volume changes.  
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Table 5.1. Influence of soil formation factors, and biotic and abiotic mechanisms in Flooding and rolling Pampa soils.  
   Flooding Pampa Rolling Pampa
Parent material = = 
Climate = = 
Relief Plane Normal 
Organisms facultative anaerobic aerobic 
Land use livestock grazing agriculture 
a) Soil formation factors 
Time = = 
    
Swell - shrink capacity abnormal moderate 
Abiotic aggregate formation maximum interactive b) Biotic and abiotic influences
Biotic influences minimal  
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Table 5.2. Interactions between abiotic and biotic aggregation mechanisms in 
rolling and flooding Pampa soils. 
  Rolling Pampa 
mechanism   
ch 
bond 
phys 
bind 
coh 
dvlp fragmentation
chemical bonding   ? 0 +++ 
biotic physical binding     0 ? 
cohesion 
development       +++ 
abiotic fragmentation         
      
  Flooding Pampa 
mechanism   
ch 
bond 
phys 
bind 
coh 
dvlp fragmentation
chemical bonding   ? ? 0 
biotic physical binding     ? 0 
cohesion 
development       +++ 
abiotic fragmentation         
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Figure 5.1. Schematic diagram showing differences in soil volume changes from 
vertisols and non vertisols from the flooding Pampa (swelling accentuation) and 
the rolling Pampa (moderate to extensive swelling).   
 
